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Origin of carbonate-silicate rocks of the Porya Guba
(the Lapland-Kolvitsa Granulite Belt) revealed
by stable isotope analysis (630, 6'*C)

Dmitrii P. KRYLOV X<, Ekaterina V. KLIMOVA
Institute of Precambrian Geology and Geochronology RAS, Saint Petersburg, Russia
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Kolvitsa Granulite Belt) revealed by stable isotope analysis (5'%0, §'3C). Journal of Mining Institute. 2024. Vol. 265,
p. 3-15. EDN GISHQG

Abstract. Carbonate-silicate rocks of unclear origin have been observed in granulites of the Porya Guba of the Lapland-
Kolvitsa Belt within the Fennoscandinavian Shield. The present work aims to reconstruct possible protoliths and con-
ditions of metamorphic transformation of these rocks based on oxygen and carbon isotopic ratios combined with phase
equilibria modeling. Isotope analysis and lithochemical reconstructions suggest that carbonate-silicate rocks of the
Porya Guba represent metamorphosed sediments (possibly marls) with the isotopic composition corresponding to the
Precambrian diagenetically transformed carbonates (3'30 = 17.9 %o, SMOW and §'3C = 3.4 %o, PDB). The chemical
composition varies depending on the balance among the carbonate, clay, and clastic components. Significant changes of the
isotopic composition during metamorphism are caused by decomposition reactions of primary carbonates (dolomite, siderite,
and ankerite) producing CO: followed by degassing. These reactions are accompanied by 8'%0 and §'3C decrease of calcite in
isotopic equilibrium with CO2 down to 15 %0 (SMOW) and —6 %o (PDB), respectively. The isotopic composition is buffered
by local reactions within individual rock varieties, thus excluding any pronounced influence of magmatic and/or metasomatic
processes.

Keywords: carbonate-silicate rocks; stable isotopes; metamorphism; inorganic carbon cycle; isotope fractionation;
Rayleigh distillation
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Introduction. The carbonate-silicate geochemical cycle (the inorganic carbon cycle [1]) includes the
processes of weathering, sedimentation (with silicate to carbonate transformations), metamorphism and
volcanic activity (with conversion of carbonates to silicates). Over an interval of several million years or
more, this cycle controls the balance of CO, during interactions of the atmosphere, hydrosphere, crust,
and mantle of the Earth and largely determines global climate changes [2-4]. Carbonate-silicate rocks in
metamorphic complexes (hereafter, for brevity, the obsolete term calciphyres is used) represent a se-
quence of phase transformations in the cycle stages associated with formation of the carbonate substrate,
metamorphism, degassing, and the release of significant amounts of CO: into the atmosphere [5-7]. Phase
reactions in the carbonate-silicate cycle are accompanied by isotopic reactions, and the ratios of stable
isotopes (1%0/!0,*C/12C), as well as “unconventional” isotopes of magnesium, calcium silicon and tita-
nium-can serve as the most important geochemical tracers [8-10] and provide an opportunity to estimate
the influence of different reservoirs on the composition of gases, temperatures of processes, as well as
CO2/H>0 balance in the atmosphere, hydrosphere and gases of deep origins. Nevertheless, stable isotope
data have been mostly limited to sedimentary carbonate rocks of low metamorphic degrees; the sources

3
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of matter and conditions of calciphyre transformations within highly metamorphosed (granulite) terranes
have been less studied [11, 12].

Ancient granulite terranes which are widely developed within the shields and in the crystalline
basement of platforms provide important evidence on the composition and degree of transformation
of the continental crust formed during early stages of the Earth history [13-15]. The Lapland-Kolvitsa
Granulite Belt is a part of the Fennoscandinavian Shield, which in recent years provides a scientific
testing ground for various geological models and concepts [16-18]. The Paleoproterozoic events that
led to the formation of rock associations of the Lapland-Kolvitsa Belt have also been widely manifested
in the adjacent tectonic structures, for example in the rocks of the Belomorian Mobile Belt [19-21].

Within the Lapland-Kolvitsa Granulite Belt among other formations, rare outcrops of calciphyres
have been observed, so far with unclear origin. A general description, sporadic measurements of the
chemical composition [22-24] and carbon isotope ratios [25] suggest a sedimentary precursor and
possible biogenic component of some rocks of the belt, but the alternation of calciphyres with pre-
sumably metaintrusive rocks makes their assignment to metasediments doubtful. The aim of the pre-
sent work is to study oxygen and carbon isotopic compositions accomplished by the phase equilibria
modeling of the Porya Guba calciphyres, and to reconstruct possible protolith origins and metamor-
phic conditions. The results of the isotopic measurements are supplemented by new data on chemical
and phase compositions of the rocks.

Methods. The isotope composition measurements. Standard procedures [26, 27] were used to
extract CO2 from carbonates (100 % H3POs) and O from silicates (the fluorination followed by the
conversion to CO»). The extraction yield (at least 98 %) was controlled by measuring the gas volume,
the completeness of the conversion was checked by measuring the residual oxygen pressure. CO;
isotope ratios were determined on the SIRA-9 mass spectrometer (VG-Isogas). The entire extraction
and measurement cycle for each sample was repeated at least twice. In addition, the oxygen isotopic
composition of the in-lab CO, standard was determined every 4-5 experiments. Calcite samples cal-
ibrated relative to the NBS-18 standard were used to control the carbonate determinations. The ac-
cepted acid fractionation factor of calcite (77= 25 °C) is 1.01049 [28]. Samples of quartz and potas-
sium feldspar calibrated relative to NBS-28 were used to control the results of the silicate
measurements. [sotopic data are given according to the conventional d-notation relative to V-SMOW
(for oxygen) and PDB (for carbon) standards: 6 = [Rsam/Rsta — 1]1000, where Rsm/Rswa 1s the ratio of
heavy and light isotopes in the sample and the standard. The average error of the values 8'%0 is
0.07 %o, 3'3C 0.05 %o (15). Sample preparation and measurement of oxygen isotope composition were
performed at the Institute of Petrology and Mineralogy (Bonn).

The fractionation of isotopes between phases 4 and B is quantified by the value o4 = R4/Rp =
= (04 +1000)/(65 +1000). The value a4 can be obtained using so-called “B-factors”, so that provided
isotopic equilibrium 10°Ina.4s(T) = 1000Inf4(T) — 1000Infs(T). Temperatures of the isotopic equilib-
rium are determined by the measured isotopic ratios of phases given the temperature dependences of
the B-factors. For the purposes of the present work, B(7) dependences in the form of the cubic poly-
nomials determined on the basis of isotopic frequency shifts [29] have been adopted.

Calculation of phase equilibria. Phase equilibria were modeled for the system SiO;-TiO»-
-ALO3-FeO-MgO-Ca0O-Na,O-K,0-H,0-CO, (STAFMCNK-H>O-CO,) using the Perple X (version 6.9,
http://www.perplex.ethz.ch/) [30, 31] and GeoPS [32] software. For the fluid (H,O-CO), the equa-
tion of state and thermodynamic database ([33], modified in 2004) have been adopted. The calcula-
tions account for the phases present in the rocks, their possible precursors and transformation
products. The results of X-ray fluorescence spectrometry (Philips PW-1480 device) with an analytical
error less than 3 % were taken as the input data to calculate the phase equilibria (pseudosections).

4
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Compositions of individual phases were determined on the JEOL JXA-8230 device (IGGD RAS) at
15 kV accelerating voltage, 20 nA electron probe current, and 10 pm beam diameter. Calcite CO>
content was quantified after drying the sample (for 1 h at 7= 105 °C) using value of the gas extracted
during reaction with 10 % hydrochloric acid solution. Termination of the carbonate decomposition
was recorded by the cessation of the gas release.

Geological background and rock composition. The metacarbonate rocks had been distin-
guished as part of the lower sequence of the Kolvitsa granulite zone (Ploskotundrovskaya series [22]),
and are also noted at the southeastern end of the Lapland block (Salny and Tuadash tundras).
The rocks are mostly observed in the Porya Guba area of the Kandalaksha Bay of the White Sea on
the Medvezhy Island and the western coast of the Porya Guba, where outcrops of calciphyres are
traced for 10-15 km along the strike (NW-SE). This paper presents data on the rocks from the
Medvezhy Island and the Tamarkina Luda Island (West of the Porya Guba, Fig.1). Within the outcrop
on the Medvezhy Island, calciphyres form interlayers (extending up to several tens of meters) with
a thickness from few centimeters to 50-60 cm, alternating with mafic schists (two-pyroxene, garnet-
two-pyroxene, amphibole-diopside, actinolite, scapolite-bearing, etc.), acidic granulites, and variably
migmatized gneisses. In places, the schists and gneisses contain sulfide mineralization. The rocks of
the interbedded calciphyres and mafic schists are characterized by boudinage and delamination struc-
tures due to the different resistance of carbonates and silicates.

Metamorphic age of the rocks from the granulite complex are estimated from 1925 Ma (the be-
ginning of metamorphism) to 1870 Ma (its termination) [34]. The protolith formation refers to the
Early Proterozoic, although there is evidence of the pre-Proterozoic (the Late Archean?) age [35].

The calciphyres are presented by medium to large-grained, gray, banded rocks, usually of
granoblastic (heterogranoblastic) texture. According to the mineral composition, two main groups
can be distinguished within the calciphyre layers:

* Calciphyres, dominated by calcite, monoclinic pyroxene (diopside), garnet (up to
13 vol.%), quartz (0.1-0.5 mm, 5-15 %), sometimes plagioclase (0.01-1.5 mm). Calcite occurs as
large polysynthetic grains up to 2-3 mm. Large colorless segregations of diopside (0.3-2 mm,
reaching 30 % of the rock volume) have been replaced by tremolite and phlogopite. Garnet
poikiloblasts (up to 1 cm) are dominated by the grossular-andradite series, with a small content
of pyrope and almandine. However, in rocks with the significant plagioclase content (reaching
10-15 vol.%) garnet (sometimes relic, up to 5-7 vol.%) is dominated by almandine with pyrope.
Magnesite, dolomite, sometimes olivine (forsterite), titanite or ilmenite, and apatite are present
as accessories (<5 %). For the sake of brevity, this variety will be referred to as the diopside
calciphyres (di-calciphyres).

* Calciphyres dominated by forsterite, calcite with a small amount of monoclinic pyroxene.
Within some rocks idioblastic (up to a few mm) calcite segregations are found. Olivine grains
(0.3-0.5 mm) are replaced by serpentine (0.2-0.3 mm). Other secondary hydroxyl-bearing minerals
are also present: mainly mica, chlorite, epidote, and amphibole (actinolite-tremolite, up to 0.5 mm).
It should be noted that, despite the significant MgO content in the olivine-bearing varieties of
the studied calciphyres, dolomite is usually found as relics. Apatite, titanite, ilmenite, and spinel
(hercinite) are observed as accessories. This variety of the carbonate-silicate rocks is further referred
to as the olivine calciphyres (o/-calciphyres).

In addition to the mineral composition, the two calciphyre varieties differ also by the content of
the major oxides (Table 1). The olivine calciphyres have significantly higher MgO/(MgO + CaO)
ratio (about 0.4) if compared with the calciphyres of the first group (less than 0.1). FeO and MnO
contents of the o/-calciphyres are slightly lower than in the di-calciphyres, higher alkaline contents
are noted in the olivine-bearing varieties. Differences in the concentrations of other components
(including CO3, SiO2, Al,O3) are insignificant.

This is an open access article under the CC BY 4.0 license
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Fig.1. Geological map of the Porya Guba area (a) and sketch of the detailed area on the Medvezhy Island (b)
modified after [22]:

a — Porya Guba: 1 — Quaternary sediments; 2-7 — supracrustal formations: 2 — sillimanite-granite-biotite gneisses, 3 — acidic granu-
lites, 4 — plagioclase-orthopyroxene crystalline schists, 5 — two-pyroxene mafic schists, 6 — plagioclase-granite-pyroxene mafic
schists, 7 — garnet-amphibolites; 8, 9 — gneiss complex of the granulite framing: 8 — biotite-amphibole gneisses, 9 — gneisses
(unclassified); 10, 11 — diaphtorites over granulites: 10 — garnet-bearing gneisses with relict pyroxenes, 11 — garnet-pyroxene
amphibolites; 12-19 — magmatic rocks: 12 — druzites (13 — plagioclasites, metagabbro-anorthosites, 14 — norites and pyroxenites,
15 — enderbites, 16 — charnockites, 17 — hornblende peridotites, 18 — unclassified ultrabasites, 19 — alkaline gneissic-granites);
20-24 — other rocks: 20 — migmatites, 21 — calciphyres, 22 — conglomerates, 23 — eruptive breccia, 24 — tectonic breccia with
sulfide cement; 25 — tectonic discontinuaties; 26 — structural attitudes (a — schistocity, b — linearity); 27 — sampling sites
(the Medvezhy Island and the Tamarkina Luda Island);

b — the Medvezhy Island locality: 1 — pegmatites; 2 — acidic granulites; 3 — charnockite-migmatites; 4 — amphibole-
diopside plagioclase mafic schists with garnet; 5 — garnet-two-pyroxene plagioclase mafic schists; 6 — plagioclase-hyperstene
mafic schists; 7 — quartzites; 8 — calciphyres; 9 — biotite gneisses with sillimanite; 10 — clinopyroxenites; 11 — actinolite
schists; 12 — gabbro-diabases; 13 — sampling spots (Table 1)

This is an open access article under the CC BY 4.0 license
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Table 1
The whole-rock composition of the calciphyres and spatially related Porya Guba mafic schists
di-calciphyres ol-calciphyres Mafic schists
Rock Sample number

7 28 13 8 1 3 12 9 10
SiO: 29.97 20.36 19.97 33.07 19.15 22.05 31.36 57.53 52.61
TiO: 0.27 0.07 0.17 0.13 0.20 0.61 0.47 0.76 0.67
ALOs 4.04 2.69 0.10 2.55 1.45 1.55 2.20 13.41 9.66
FeO 5.77 4.40 3.77 2.91 2.56 2.89 1.71 7.66 10.56
MnO 0.39 0.23 0.38 0.18 0.33 0.63 0.76 0.09 0.15
MgO 2.55 1.87 1.69 18.52 19.52 17.61 16.62 6.87 11.32
CaO 36.87 42.33 43.25 25.38 28.87 29.11 25.55 5.94 10.12
Na20 0.25 0.15 0.27 0.31 0.67 1.11 1.29 3.94 2.29
K20 0.10 0.62 0.05 0.10 0.59 0.99 0.57 1.62 0.93
P>0s 0.18 0.09 0.20 0.05 0.04 0.05 0.33 0.05 0.07

COz 19.60 25.77 28.00 16.79 20.63 20.02 17.54 - -
LOI - 0.29 - 0.97 4.70 3.82 0.44 2.12 1.59
Total 99.99 98.87 97.85 100.96 98.71 100.44 98.84 99.99 99.97
MgO/(MgO + CaO) 0.06 0.04 0.04 0.42 0.40 0.38 0.39 0.54 0.53

Notes: sample 13 — the Tamarkina Luda Island, others — the Medvezhy Island; LOI — loss on ignition (105 °C).

Oxygen and carbon isotopes. Measured isotopic ratios of calcite (5'%0 and §'*C relative to
SMOW and PDB, respectively) and silicates (5'%0) are given in Table 2. The §!%0 value of calcite in
the calciphyres vary from 15.0 10 17.8 %o (the mean value at 16.44+0.92 %o) with §'*C varying from
—3.6 to —6.2 %o (the mean at —4.90+0.89 %o), suggesting the sedimentary nature of the rocks. At the
same time, average 8'%0 of calcite from the diopside calciphyres is 17.05 (£0.61) %o, whereas average
5'80 of calcite in the olivine-bearing varieties is lower, 15.68 (£0.59) %o. Average 8'°C values of
calcite are —4.35 (£0.65) and —5.58 (£0.67) %o, respectively. Calcite §'%0 and §'3C increase following
the increase of the calcite content in the rock (which is expressed for example, as a linear dependence
0f 8'"80car = 0.15CO; + 13.02 wt.%, R? = 0.7). In the limit of the pure calcite rock (CO2 = 44 wt.%),
8'80.a1, according to this relationship, is estimated at 19.6 %o, which corresponds to the isotopic com-
position of the Precambrian diaphtorised carbonate sediments [36, 37]. Another noted pattern — the
relationship §!%0 and §'*C of calcite — may reflect metamorphic degassing of the rocks. Representa-
tive isotopic analyses of the calciphyres taken from the Tamarkina Luda Island for comparison follow
the same pattern.

Temperature dependences of the stable isotope fractionations are determined based on the
B-factors (the reduced partition function ratios):

1 3N,

lnﬁsz — > ln(

N,ig| N =

v, sinh(hv,_/2kT)
vV, sinh(hv;l./2kT) ’

where v, ; are the vibrational frequencies with the wave vector g and phonon branch index i from 1 to
3Nu; Nat is the number of atoms in a unit cell; 7 temperature, K; # and & — the Planck and Boltzmann
constants; N is the number of atoms undergoing isotopic substitution; N, is the number of vectors ¢ con-
sidered in the summation; the superscript * refers to the heavier isotope.

The B-factors (calcite, quartz, monoclinic pyroxene, olivine, and garnet) between 0 and 1500 °C are
interpolated by the cubic polynomials against x = 1057 : 1000In !0 = ax + bx* + cx’ [29]. The vibration
frequencies of the isotopologues of the studied phases were determined by the frozen phonon method
(CRYSTAL software: https://www.crystal.unito.it/) within the density functional theory (DFT).

This is an open access article under the CC BY 4.0 license



¥EE  Journal of Mining Institute. 2024. Vol. 265. P. 3-15 EDN GISHQG

S
s

© Dmitrii P. Krylov, Ekaterina V. Klimova, 2024

Table 2
Isotopic composition of pure fraction separates
Sample Measured isotopic composition (80'8syow, 8C'3ppp) T, °C )
number | 3150, | 88Cau | 3'%0,:: | 3"%0 3180, | 3"0un | gqtz-cal | ol-cal | cpx-cal | Others F €09
di-calciphyres
7 16.50 | —4.62 17.14 13.10 - 14474 | 990 - 620 | 856g1-qiz | 0.70 27.96
28 17.54 | —4.20 18.07 - - - 1110 - - - 0.90 28.54
13 17.78 | -3.57 19.85 16.45 - 163241 | 430 - 810 | 701gw-qiz | 0.96 29.25
21 16.41 -5.31 17.85 - - - 570 - - - 0.69 39.69
34 17.03 —4.05 17.65 - - - 1010 - - - 0.80 38.24
ol-calciphyres
8 15.02 | -6.06 - - 12.04 - - 520 - - 0.49 34.35
16.31 -5.32 - - 12.51 - - 410 - - 0.67 30.82
3 16.03 —4.76 - - 14.75 - - 990 - - 0.63 32.02
Mafic schists
12 15.37 | -6.18 - - 12.07 - - 470 - - 0.53 32.95
9 - - - 12.11 - 13.42, - - - 670picpx - -
10 - - - 11.60 - 13.38y - - - 480pL-cpx - -
Coefficients of temperature dependence of the B-factors
B'30cal - B8Oz | B0 | P00 | B0 - - - - - B'30co,
a 11.6603 - 12.6764 | 10.0399 | 9.50807 | 11.478 - - - - - 15.1896
b —0.3544 - —-0.3543 | -0.205 | —0.1654 | —0.457 - - - - - —0.7068
¢ 0.00908 - 0.00841 | 0.00401 | 0.0018 | 0.0077 - - - - - 0.0206

Notes: F — fraction of CO2, remaining in calcite after degassing; CO2(i) — CO2 content in a rock prior to degassing
(see Table 1). For samples 21, 34 the measured CO: concentrations are 27.22 and 30.50, respectively.

The value of §'80 within the silicate fraction of the calciphyres (quartz, pyroxene, olivine, garnet,
Table 2) depends both on the isotopic composition of the carbonate fraction (the higher 8'0..;, generally
the higher §'30 of each particular phase), and the '30/!°O fractionation between different phases depending
on temperature. §'80 variation of quartz in the di-calciphyres is 17.1-19.9 %o, pyroxene 13.1-16.5 %o.
5130 values of olivine from the ol-calciphyres vary between 12.0 and 14.8 %o. Generally, the decrease of
5180 values occurs in the sequence quartz-calcite-(garnet-pyroxene). The lack of equilibrium between
minerals is indicated by the large scatter of temperatures calculated from the distribution of isotopes be-
tween different phases of each particular sample (Table 2). For example, temperatures calculated using
the quartz-calcite isotope geothermometer vary from 430 °C (sample 13) to 990 °C (sample 7) and
1110 °C (sample 34), calcite-clinopyroxene from 620 to 810 °C (on two samples).

Within rocks without carbonates, both at contacts with calciphyres and at some distance (5-10 m)
the evolved §'%0 (reaching 11.6-13.5 %o for pyroxene and plagioclase) is also observed.

Revealing primary composition of metamorphic rocks. The oxygen and carbon isotopic ratios
imply primary sedimentary nature of the Porya Guba calciphyres and possibly, of the entire rock
sequence studied (NW coast of the Porya Guba). Hence, the phase compositions of primary sediments
were reconstructed based on the rock chemistry. Using the Perple X program (see the methods), the
restored (“model”) phase composition of rocks in the conditions of the sedimentation (25 °C, 1 bar)
was calculated (Table 3).

Sediments chemically corresponding to the di-calciphyres contained 70-85 wt.% of the car-
bonate fraction dominated by calcite (reaching 78 %), with subordinate amounts of dolomite (up to
10 %) and ankerite (up to 15 %). The clastic component includes quartz (reaching 22 wt.%), while
kaolin dominates in the clay fraction (up to 9 wt.%). The detrital component (rutile and titanite) content
is estimated at 0.1-0.2%. The primary composition of sediments transformed into the
ol-calciphyres (mostly forsterite) was characterized by significant amount of dolomite within
carbonate fraction (up to 62 wt.%) together with ankerite (up to 8 %), siderite (up to 4 %), and mag-
nesite (less than 1 %). Calcite content did not exceed 35 wt.%.
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Table 3
Reconstructed composition of rocks in the conditions of sedimentation, wt.%
Sample number
Rock di-calciphyres ol-calciphyres Mafic schists
7 28 13 8 1 3 12 9 10
Carbonate component
Calcite 443 74.4 78.0 - 35.1 324 20.4 - 5.3
Dolomite 10.0 - - 61.7 24.9 20.5 33.1 15.4 2.0
Siderite - - - 3.5 - - - 9.7 -
Magnesite - - - 0.4 - - - 4.3 -
Ankerite 14.9 - 5.5 - 7.2 7.9 4.6 - 3.3
Carbonate total 69.3 74.4 83.5 65.6 67.2 60.8 58.1 29.4 10.6
Clastic component
Quartz 21.7 0.3 14.6 22.2 - - 9.2 433 5.8
Rutile 0.2 - 0.2 0.1 - 0.6 0.4 0.6 -
Clinopyroxene - 4.8 - - - - - - -
Titanite - 0.2 - - - - - - 1.5
Zeolites - 18.3 - - - - - - -
IImenite - - - - 0.4 - - - -
Clastic total 21.9 23.6 14.9 223 0.4 0.6 9.6 43.9 7.3
Clay fraction, amphibole, mica, other phyllosilicates

Kaolinite 8.8 - 0.8 4.8 - - - 26.7 -
Talc - - - - - 1.9 53 - -
Glaucophane - - - - - 3.3 10.8 - 26.7
Chlorite - 2.0 0.8 - - - - - 2.9
Mica - - - 7.4 - 2.1 - - 7.3
Serpentine - - - - 20.3 10.3 - - -
Stylpnomelan - - - - 12.1 21.0 16.2 - -
Chloritoid - - - - - - - - 10.2
Actinolite - - - - - - - - 35.0
Total fraction 8.8 2.0 1.6 12.1 324 38.6 32.3 26.7 82.1

Notes. Composition calculated from data in Table 1 at ambient conditions 7=298.15 °C, P =1 bar (Werami module of the
Perple_X software [30]). CO2 content calculated from the measured composition accounting the degree of degassing F and given
at Table 2; in the absence of the respective data, calculations were performed under conditions of the volatile saturation (H20 > 5 %)).

Sedimentary rocks currently represented by mafic schists, contained less than 30 wt.% car-
bonates (as reconstructed with CO; excess), and probably were dominated either by the clastic com-
ponents (up to 43 % quartz, sample 9) or the clay components (sample 10). Oxygen isotopic variations
of the sediments in interaction with seawater at 25 °C are estimated at 31.8+2.3 %o (probable oxygen
isotopic composition prior to the sediments lithification).

Metamorphic phase equilibria of the calciphyres. Phase equilibrium diagrams with the stability
fields of phase associations in P-T coordinates (pseudosections) were constructed accounting
for chemical composition of representative samples of the diopside calciphyres from the Medvezhy
and the Tamarkina Luda islands, the olivine calciphyres, and garnet-pyroxene plagioclase schists
(see Table 1). The pseudosections constrain P-T" conditions of phase transformations and in particular,
probable temperatures of fluid component releases, which is essential when evaluating isotopic com-
position of rocks. Close spatial relations of the studied rocks imply similar P-T conditions of meta-
morphism, which should correspond to the intersection of the stability fields observed in different
mineral associations of the samples. For clarity, the results of pseudosection modeling are presented
without considering components presented in insignificant amounts (Fig.2).
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Fig.2. Phase P-T-diagrams (pseudosections) constructed from the analysis of the representative
Porya Guba calciphyres:
a: sample 7. Anhydrous projection. Stable phases: 1 — alm-grs-ttn-di-qtz-cal-dol; 2 — alm-ttn-di-qtz-hc-cal-dol,
3 — alm-ttn-di-qtz-spr-cal-dol; 4 — alm-ttn-di-qtz-spr-cal-COz; 5 — alm-di-qtz-ilm-hc-cal-dol; 6 — alm-di-qtz-ilm-hc-cal-COg;
7 — alm-crd-di-qtz-ilm-cal-dol; 8 — alm-crd-di-qtz-ilm-cal-COz; 9 — alm-ttn-di-qtz-hc-cal-COz; 10 — alm-grs-ttn-di-qtz-cal-CO;
11 — grs-ttn-di-hed-wo-cal-COz;
b: sample 13. Anhydrous projection. Stable phases: 1 — grs-ttn-di-hed-qtz-arg-ank; 2 — grs-ttn-di-hed-qtz-cal-ank;
3 — alm-ttn-di-hed-qtz-cal-ank; 4 — grs-ilm-di-hed-qtz-cal-ank; 5 — alm-ilm-di-hed-qtz-cal-ank; 6 — alm-ilm-di-fa-qtz-cal-ank;
7 — alm-ilm-di-fa-qtz-cal-COz; 8 — alm-ilm-di-hed-qtz-cal-CO2; 9 — alm-ttn-di-hed-qtz-cal-CO; 10 — sil-ttn-di-hed-qtz-cal-COx;
11 — grs-ttn-di-hed-wo-cal-COz;
c: sample 8. Projection including H2O. Stable phases: 1 — alm-ky-di-tr-qtz-ilm-mgs-dol; 2 — alm-an-di-tr-qtz-ilm-mgs-dol;
3 — alm-en-di-tr-an-qtz-ilm-dol; 4 — alm-en-di-act-an-qtz-ilm-dol; 5 — fa-en-di-an-qtz-ilm-dol-act; 6 — fa-en-di-an-ilm-dol-COz-act;
7 — alm-en-di-an-ilm-dol-COx-act; 8 — fa-en-di-tr-an-ilm-dol-COx; 9 — alm-en-di-tr-an-ilm-dol-COx; 10 — fo-fa-di-tr-an-ilm-dol-COz;
11 — alm-en-di-tr-ilm-hc-dol-COx; 12 — fa-en-di-tr-ilm-hc-dol-COz; 13 — fo-fa-di-tr-ilm-hc-dol-COg; 14 — fo-fa-di-clin-ilm-hc-dol-COn;
15 — fo-fa-di-clin-ilm-hc-cal-COz; 16 — fo-fa-di-ilm-hc-dol-H2O-COz; 17 (observed association) — fo-fa-di-ilm-hc-cal-H.0-COz;
18 — fo-fa-di-hc-usp-cal-H2O-CO2
Phase abbreviations. Carbonates: ank — ankerite; cal — calcite; dol/ — dolomite; mgs — magnesite; sid — siderite; arg — aragonite.
Silicates: gtz — quartz; ol — olivine (fo — forsterite, fa — fayalite); cpx — monoclinic pyroxene (di — diopside, hed — hedenbergite);

opx —rthombic pyroxene (en — enstatite, iyp — hypersten); grt — garnet (alm — almandine, grs — grossular); p/ — plagioclase
(an — anorthite); spr — sapphirin; crd — cordierite; si/ — sillimanite; ky — kyanite; wo — wollastonite; amp — amphibole

(act — actinolite, g/ — glaucophane, 4rn —hornblende, # — tremolite); mica (b — biotite, mu — muscovite, phl — phlogopite);
oxides: sp/ — spinel (hc — hercinite, usp — ulvospinel); 7¢ — rutile; #n — titanite; i/m — ilmenite

1 — lines of monovariant equilibria limiting the appearance of CO,; 2 — lines limiting calcite appearance
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Decarbonatization reactions that accompany phase transformations of all the calciphyres studied
deserve special attention to explain the change in the isotopic composition of rocks, because these
reactions cause isotopic fractionation of both oxygen and carbon; the isotopic fractionation factors
between CO; and solid phases are significant even at elevated temperatures; large volume increase
associated with the formation of fluid components causes complete or partial removal of COs.

Considering the di-calciphyres, CO; release is caused by the decomposition reactions of dolo-
mite or ankerite, which becomes unstable as temperature increases:

CaMg(COs)x(dol) + SiO = CaCOs(cal) + MgSiOs(cpx) + CO; (1)
CaMg(COs)x(dol) + 28i0; = > CaMgSiOs(cpx) + 2COx. )

If carbonates with iron (ankerite, sample 13) prevail in the source rock at low temperatures,
carbon dioxide is released for example, by the reaction

CaFe(COs); (sid) + SiO2 = CaCOs(cal) + FeSiOs(cpx) + CO.. 3)

The source of silica can be quartz as well as other silicates including:
CaMg(CO3)2(dol) + Fez Alx(Si04)3(alm) =
= CaCOs(cal) + 2FeSiOs3(cpx) + MgSiO3(cpx) + FeAl,O4(spl) + CO»; 4)

3CaMg(COs)a(dol) + CaMg(SiO3)a(di) = 4CaCOs(cal) + 2Mg,SiO4(fo) + 2CO,. (5)

In the di-calciphyres of the Medvezhy Island (sample 7) at pressures below 6 kbar, the decar-
bonatization reactions start within the range of 580-630 °C (Fig.2, a, red lines ). The simplified anhydrous
projection of the system is shown for clarity. At higher pressures, the onset temperature of CO; release
also rises (e.g., if P = 8 kbar, the onset of CO; release shifts to 7'~ 700 °C). By the sequence of phase
reactions, primary sediments (see Table 1) transform into the observed grs-ttn-di-hed-qtz-cal association
which at 8 kbar is stable from 790 to 970 °C (at another pressure the stability field shifts by about
30 °C/kbar). At lower temperatures, hedenbergite is stable rather than almandine and at higher tem-
peratures, wollastonite appears instead of quartz.

Association of the di-calciphyres from the Tamarkina Luda Island (sample 13) is cal-cpx(di + hed)-
-grt(grs)-qtz-ttn. The onset of decarbonatization at a reduced pressure is possible from 560 °C
(P = 3 kbar). At higher pressures, the temperature of CO» release increases to 705 °C (P = 8 kbar),
with an estimated 07/0P gradient of approximately 29 °C/kbar (Fig.2, b). Similar to the Medvezhy
Island diopside calciphyres (sample 7), the stability field of the observed grs-ttn-cpx-qtz-cal associa-
tion with increasing temperature is limited by the association with wollastonite instead of quartz.
It is noteworthy that for these rocks, carbonates which are stable up to temperatures of approximately
570-650 °C consist of calcite and ankerite rather than dolomite (as in sample 7) and accordingly,
decarbonatization is caused by the decomposition of ankerite by a reaction similar to (3).

The ol-calciphyres (sample 8, Fig.2, ¢). The observed fo-fa-di-ilm-hc-cal association remains
in equilibrium with the fluid components (H20 + COy) starting from 690 °C at 3 kbar or 860 °C
at 8 kbar; the upper stability boundary is 750 to 905 °C, respectively. The lower-temperature
association includes dolomite, relics of which are observed in thin sections; in the higher-temper-
ature association fo-fa-di-usp-hc-cal-(H2O-CO2) ulvospinel is formed at the expense of ilmenite. It
should be noted that, in contrast to diopside calciphyres, the beginning of decarbonatization (marked
by red line in Fig.2, ¢) does not lead to the total breakdown of dolomite, and calcite becomes stable
only from 680 °C (3 kbar) to 860 °C (8 kbar), which coincides with the lower temperature limit at
which the observed association remains stable (Fig.2, ¢, blue line).
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Fig.4. Isotopic ratios '*0/'°0 and '3C/'2C of calcite
from the Porya Guba calciphyres
1 — data points; 2 — linear array, plotted

according to the results of isotopic analysis; 3 — calculated according
to equation (6) for isotopic fractionations (the values of the oxygen
fractionation factor a!8'% cal-CO, given T'= 600, 700 and 900 °C

are estimated at 1.00411, 1.00311 and 1.00242, respectively;

al’310 dol-CO, — 1.00303, 1.0025, 1.0018, respectively [29];

the carbon fractionation factor a!¥'2 cal-CO, at the given T’

are 1.0035, 1.0033, 1.0027; o.'¥'2dol-CO, — 1.00306, 1.0029,
1.00246 [29]); 4 — calculated provided isotopic equilibrium of CO,
with carbonates and silicates at 600 °C; 5 — calculated provided

isotopic equilibrium of CO, with dolomite
at 7= 500, 700 °C
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All the observed mineral associations are
stable within P7-conditions determined by the in-
tersection of the equilibrium fields for different
rocks (Fig.3). At the minimum possible pressures
(5.5-6 kbar), the temperature limiting the stability
of all associations is 740-870 °C. If the metamor-
phic pressure is higher, temperature estimates in-
crease (dT/dP = 30-40 °C/kbar), and at P = § kbar
the temperature interval at which all the observed
associations can coexist is 860-910 °C.

Discussion. Evolution of the isotope composi-
tion during metamorphism. A significant correlation
between §'°C and §'%0 values of calcite (R> = 0.86;
Fig.3) is generally observed (within samples com-
posing all varieties of the studied calciphyres). The
reactions of CO; release characterizing metamorphic
transformations of the calciphyre precursors are ac-
companied by fractionation of oxygen and carbon
isotopes with the restite (solid phase residue after gas
extraction) depletion in the heavy isotope (1000Ina
between CO; and carbonates and (or) silicates is al-
ways greater than zero for the equilibrium oxygen
isotope fractionation, and for temperature above ca.
150-200 °C for the carbon isotope fractionation also
[29]). Provided constant volume, continuous re-
moval of the released CO> from the system is likely,
so that the change in the isotopic composition of the
solid phases can be evaluated with equation of the
Rayleigh's distillation, the latter expressed by the re-
lation [38] for isotope fractionation:

&/ —8& = 1000(F«~ 1 — 1), (6)

where F stands for the mole fraction of an element
remaining in the restite after gas extraction; o ex-
presses the isotopic ratio of an element (oxygen,
carbon) in a solid; a is the isotopic fractionation
factor between fluid and solid phases:
('80/**0)fluid/(180/'®O)restite; f and i denote
values after gas release and before gas release,
respectively.

The linear array expressing simultaneous
changes of oxygen and carbon isotopic ratios
agrees with the analytical dependence of 8'*C.u
and 8'80.« (Fig.4), provided that the isotopic equi-
librium of CO; and the produced carbonate (calcite
and (or) dolomite) was maintained during degas-

sing, isotopic reactions of CO> with carbonates were hardly accompanied by isotopic reactions with
silicates. The latter assumption can be justified by the disagreement of the calculated array consider-
ing isotopic equilibrium involving silicates with the analytical data (dashed line in Fig.4).
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In addition, the measured distribution of oxygen isotopes between calcite and silicates (see Table 2)
significantly deviates from the equilibrium distribution. In the absence ofthe isotope equilibrium with
silicates, values of F' for oxygen and carbon coincide (Fc = Fo [39]). The cal-CO; isotope fractiona-
tion in the latter case corresponds to 700 °C, which is wholly endorsed by the estimates of decarbon-
atization temperatures obtained from phase relations modeling (with the construction of P-T pseudo-
sections).

The averaged dependence combines analytical data over all samples, including the diopside and
olivine calciphyres. Some deviations of the analytical points can be caused by fluctuation of the frac-
tionation values (variations of the decarbonatization temperature, changes of the composition of car-
bonates in equilibrium with CO; of the olivine calciphyres). In particular, however, the measured
variations of 8'8%0 and §'3C reflect the degree of distillation F of equation (6) provided the same
isotopic composition of carbonate at the initial stage of distillation (F = 1, the beginning of CO»
release) and similar degassing temperature (at 7 = 700 °C the values of §'® 0. = 17.96 and
8'3Cear = —3.4 %o closely follow the analytical data).

Depleted §'%0 values of calcite from the ol-calciphyres relative to 530 of calcite from the
di-calciphyres with a general trend §'%0 vs §'3C can be interpreted as a result of larger degassing
degree of the former. Thus, maximum values of 'O, = 17.78 and §'3Cur = —3.57 %o (sample 13)
reflect initial stages of the distillation (F = 0.96), whereas minimum values of §'%0., = 15.02
and $'3C..s = —6.06 %o (sample 8) correspond to more advanced distillation (F = 0.5). The results are
consistent with the process of decarbonatization with decomposition of dolomite (or Fe-carbonate,
sample 13) producing calcite (see Fig.2, b) due to a series of sequential reactions with removal of the
released CO,. Temperature of the degassing obtained from the isotopic analysis is supported by
the phase modeling (7= 700 °C at P = 8 kbar).

Close agreement of the analytical data in the §'°C vs §'%0 diagram with the Rayleigh distillation
model suggests that the isotopic composition of the removed CO» and the remaining carbonate was
controlled by the equilibrium exchange between the remaining carbonate (calcite) after carbon diox-
ide extraction and the continuously removed gas. The process occurred without isotopic exchange
with silicates. Isotopic composition of the produced CO> in equilibrium with calcite vary depending
on the degree of degassing, from §'%0 = 21.9 and §'3C = 1.0 %o (F = 1) up to 18.9 and —3.7 %o
(F=0.5), respectively. The integrated (batch) isotopic composition of the resulting CO» falls between
these values and is determined by the material balance relations. In case of insignificant change of
the fractionation during decarbonatization, the isotopic composition of all formed CO; is estimated
at 880 =19.9 and §'°C =-2.2 %o (F = 0.5).

Equilibrium of the released gas with calcite without silicates [40] does not restrict F' by the
so-called calc-silicate limit (/' = 0.6 [38]), and the minimum values of the measured isotope ratios
correspond to degassing degree at about 0.5 (the o/-calciphyres).

Conclusion. The results of oxygen and carbon isotope analysis indicate that the Porya Guba
calciphyres and the intercalated mafic schists with the evolved §'*0 and §'3C resulted from metamor-
phism of sedimentary rocks (limestones, marls, and graywackes). Lithochemical reconstructions sug-
gest marly sediments as the precursors for the carbonate-silicate rocks, while chemical composition
of the former varied depending on the ratio of clay, carbonate, and clastic components. Carbonates
comprise 58-84 wt.% (in the sediment precursors of the calciphyres) and 10-30 wt.% (in the possible
protoliths of the mafic schists). The isotopic composition of the sediments ('*0 17.9 %o SMOW and
8'3C —3.4 %o PDB) lies within the values typical for the Precambrian diagenetically transformed sed-
imentary carbonates [36, 37, 41] without any influence of both organic carbon [25] and carbon of the
magmatic origin [42].

The most significant shifts in the isotopic composition during metamorphism of the rocks
are due to the sequence of reactions producing CO; following decomposition of dolomite or other
carbonates (siderite, ankerite), which become unstable when temperature rises to 700 °C
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(P = 8 kbar) and are replaced by magnesium/iron silicates (e.g., monoclinic pyroxene, garnet).
The degassing was accompanied by the simultaneous reduction of the calcite §'*O and §'°C
as a result of the isotopic fractionation (accompanied by the Rayleigh distillation) yielding values
of 15.0 and —6.2 %o, respectively (half of the initial CO2 removed) and producing the linear rela-
tionship 8'*0 vs §'*C. The isotopic composition of the carbon dioxide released (and possibly
added to the atmosphere) is estimated at 20 %o (SMOW) and -2 %o (PDB).

The shift of the calcite isotopic composition thus reflects different degrees of degassing, which
in turn, depends on the composition of the parent rocks. For example, the more dolomite prior to
metamorphism contained in a sedimentary rock, the higher the degree of degassing. In the olivine
calciphyres (MgO up to 20 wt.%), '%0 and §'°C are generally lower than in the diopside calciphyres.
At the same time, variations in the isotopic composition of calcite of the interbedded rocks are con-
sistent with the internal (local) control of the emitting fluid [40] and contradict the large-scale inter-
action with any external (deep or surface) reservoir. Among other things, our results are not consistent
with the possibility of mixing (assimilation) of the studied carbonate rocks with magmatic rocks
and/or metasomatic transformations during the skarn formation.

It can be noted that at metamorphic temperatures below 650-700 °C dolomite remains stable and
the observed dolomite calciphyres of the Kolvitsa granulite zone [24], chemically similar to the oli-
vine calciphyres considered in the present work, might be the “precursors” of olivine calciphyres at
lower peak metamorphic temperatures.
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Abstract. Major (EPMA) and trace (SIMS) element geochemistry in olivine, low-Ca pyroxene and mesostasis from
porphyritic and barred chondrules, as well as the pyroxene-olivine aggregate and matrix of equilibrated ordinary
Borodino chondrite (H5) is discussed. No differences in major element concentrations in the silicate minerals of the
chondrules and matrix of the meteorite were found. The minerals of porphyritic olivine-pyroxene and barred chondrules
display elevated trace element concentrations, indicating the rapid cooling of chondrule melt in a nebula, and are con-
sistent with experimental data. The trace element composition of low-Ca pyroxene is dependent on the position of a
pyroxene grain inside a chondrule (centre, rim, matrix) and the composition of mesostasis is controlled by the type of
the object (porphyritic and barred chondrules, pyroxene-olivine aggregate). The depletion in trace elements of low-Ca
pyroxene from the rims of chondrules in comparison with those from the centre and matrix of the meteorite was re-
vealed. The chondrule rim is affected by interaction with surrounding gas in a nebula, possibly resulting in the exchange
of moderately volatile trace elements in low-Ca pyroxene and depletion in these elements relative to pyroxene from the
centre of the chondrule or matrix of the meteorite. The mesostasis of barred and porphyritic olivine-pyroxene chon-
drules contains more trace elements than that of porphyritic olivine chondrule and pyroxene-olivine aggregate, sug-
gesting the rapid cooling of these objects or their high liability to thermal metamorphism, which results in the recrys-
tallization of chondrule glass into plagioclase. However, no traces of the elevated effect of thermal metamorphism on
the above objects have been revealed. The results obtained indicate no traces of the equilibration of the trace element
composition of silicate minerals in equilibrated chondrites.
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Introduction. The Borodino Meteorite is one of few meteorites with a unique history. The his-
tory of its finding and living on the Earth is unusual. The meteorite fell at night on the eve of the
Borodino Battle, on September 5, 1812, near the village of Gorky [1]. The stone was picked up by a
Russian soldier who was on duty. The soldier gave the stone to Major Christian Ivanovich Dieterichs.
Major Dieterichs was wounded on the battle field. After resigning, he lived in his estate in Kurlandia
(modern Latvia) [2]. The Major’s family kept the meteorite for 80 years, in 1890, Gerke, manager of
the son of Major Dieterichs, donated a large piece of meteorite (320 g) to the Mining Institute mu-
seum. However, a small piece was owned by Y.l.Simashko, an entomologist, a writer and a publisher.
Simashko described the meteorite’s history in a letter to the British Museum of Natural History [3].

The Borodino Meteorite is an equilibrated ordinary chondrite, the most common type of me-
teorites known on Earth [4]. Chondrites consist of silicate spherules (chondrules), less than one mil-
limeter in size, which occur in a weightless nebula of melt drops consisting of olivine, low-Ca
pyroxene and mesostasis. Structurally, chondrules are subdivided into a porphyritic type composed
of olivine and/or pyroxene phenocrysts and a nonporphyritic type (barred, radiated-structured, cryp-
tocrystalline, etc.).
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A variety of chondrule structures suggests a variety of the cooling conditions of the melt. Experi-
ments have shown that porphyritic chondrules are formed from slowly cooling melt (1-500 °C/h), which
was heated below liquidus temperature (1400-1700 °C) and preserved an abundance of relict grains.
The crystallization of barred chondrules requires the heating of the melt at temperatures slightly above
liquidus temperature followed by rapid cooling (500-3000 °C/h). Radial chondrules suggest that melt
was subjected to high temperatures and then cooled instantaneously (1000-3000 °C/h) [5].

The sample taken from the Borodino Meteorite mainly contains olivine and olivine-pyroxene
porphyritic chondrules. Barred and cryptocrystalline chondrules are scarce.

The porphyritic chondrules of unaltered ordinary chondrites (UOC) occasionally display isolated
MgO-enriched refractory olivine grains, differing in the isotopic composition of oxygen from chondrule
olivine [6, 7], and MgO-richer olivine grain cores overgrown with MgO-poorer forsterite rims [8].
The presence of relict olivine grains in porphyritic chondrules suggests that they were produced by
the melting of precursor minerals, such as refractory inclusions (e,g, calcium-aluminium and amoeba-
like olivine inclusions) [9], the fine-grained material of chondrite matrix and fragments of previous
generations of chondrules, fragments of planetesimals [10], H2O ice [11], “relict” olivine and dust
clusters [12].

Chondrules from ordinary chondrites occur among single grains of silicate minerals, troilite,
kamacite-taenite, chromite and other minerals, making up meteorite matrix. The Borodino Meteorite
matrix consists of coarse well-defined grains of minerals commonly occurring in the matrix of chon-
drites. The chondrule-matrix boundaries are well defined. No veinlets or melting pockets have been
revealed.

Most of ordinary chondrites show traces of thermal metamorphism, which took place on fairly
big (over 50 km in diameter) parent bodies. Thermal metamorphism resulted in the homogenization
(equilibration) of Fe-Mg in olivine and low-Ca pyroxene, the recrystallization of mesostasis into pla-
gioclase, the formation of high-Ca pyroxene, apatite and chromite and the obliteration of chondrule-
matrix boundaries [13]. The petrologic type (p.t.) of ordinary chondrite is identified from the pet-
rographic characters and compositional variability of silicate minerals. UOC’s are of three petro-
logic types. Their Fe and Mg concentrations in olivine and low-Ca pyroxene are most variable. The
variability of Fe and Mg in the fourth to a sixth p.t. fades out gradually (ordinary equilibrated
chondrites — EOC), giving way to other signs of thermal metamorphism. The Borodino Meteorite
(H5) is of a fifth p.t. and the high-Fe group (H) of EOC.

In spite of an abundance of EOC, which make up over 90 % of all meteorites found, they are
poorly understood. Thermal metamorphism disturbed the original distribution of chemical elements
and their isotopes in EOC minerals, they were not used for the study of chondrule formation and
accretion. However, trace elements in silicate minerals are practically immobile on parental chondrite
bodies affected by thermal metamorphism [14, 15]. Therefore, they are used for the study of early
stages in the formation of the Solar System [16-18]. The study of the composition of refractory trace
elements in olivine, pyroxene and the glass of UOC chondrules has revealed various types of porphy-
ritic chondrule crystallization [19] making it possible to calculate their relative cooling rates [20-22].
The composition of moderately volatile trace elements usually indicates the interaction of a chondrule
with surrounding gas in a protoplanetary disk [23].

Trace and rare-earth elements are widely used for the study of geochemical settings, in which
genetically different minerals, such as zircon [24, 25], beryl [26, 27], olivine [28], etc., were
formed.

Pioneer studies on the compositions of the silicate minerals of EOC showed heterogeneous trace
element concentrations [29, 30] and oxygen isotope ratios [31] in the olivine and pyroxene of EOC.
The trace element composition of silicate minerals from Borodino Meteorite chondrules will be
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e
analyzed to assess the effect of thermal metamorphism on trace element concentrations and to reveal
differences in the settings in which structurally different chondrules were formed.

Analytical methods. A sample of the Borodino chondrite (H5) was provided by the Mining
Museum of Saint Petersburg Mining University. The chemical composition of minerals at the level
of major elements was determined using the EPMA method at IGGD RAS on a Jeol JXA-8230 mi-
croprobe analyzer with five wave spectrometers. The meteorite substance was placed in a standard
epoxy resin mould sprayed with carbon after polishing. Point measurements of mineral compositions
were carried out at an accelerating voltage of 20 kV and a current of 20 nA for olivine and pyroxene
and at 10 nA for mesostasis [32]. The focused beam was 3 um in diameter. Natural minerals, pure
oxides and metals were used as standards. ZAF algorithm was used for correcting the matrix effect.
Kol lines were measured for all elements.

Trace and rare-earth element (REE) concentrations in minerals were identified using the secondary
ion mass spectrometry (SIMS) method on a Cameca IMS-4f ion microprobe at the Yaroslavl Branch
of K.A.Valiev Physico-Technological Institute, RAS, using the technique described in [33]. The
preparation was sprayed with gold prior to measurements. Survey on a Cameca IMS-4f ion micro-
probe was done under the following conditions: a primary ion beam was 160>, beam diameter was
~20 pum; ion current was 5-7 nA; and the accelerating voltage of the primary beam was 15 keV. The
measurement error was no more than 10 % for impurities with concentrations over 1 ppm and 20 %
for concentrations of less than 1 ppm. The trace element composition of rock-forming minerals was
analyzed as close as possible to the analytical points of major elements using the EPMA method.
REE distribution spectra in minerals were CI chondrite-normalized [34].

Results. Two porphyritic and one barred chondrules, as well as olivine-pyroxene aggregate, from
the Borodino Meteorite were studied. The porphyritic chondrules display olivine composition for
14P0O-4 and olivine-pyroxene composition for 14POP-1. Barred chondrule 14BOP-2 consists of thin
parallel olivine and low-Ca pyroxene bars. The porphyritic chondrules measure about 0.5 mm and a
barred chondrule is over 1 mm in size. No well-defined metallic and silicate rims of the chondrules
were revealed, but coarse kamacite-taenite and troilite grains are occasionally encountered at the
chondrule-matrix boundary.

Pyroxene-olivine aggregate 14APO-3 consists of coarse low-Ca pyroxene grains overgrowing
fine olivine grains in the centre of the aggregate. Coarse kamacite-taenite grains and fine troilite grains
occur along the aggregate boundaries. The contours of the aggregate resemble the rounded shape of
the chondrules, suggesting the recrystallization and coarsening of chondrule minerals as a result of
thermal metamorphism on the parent body. However, the complete absence of mesostasis in the
aggregate is not typical of chondrules.

Chondrule 14POP-1 has a rounded shape, a porphyritic structure and a small size (0.5 mm). It
consists of coarse olivine phenocrysts occurring in the centre of the chondrule and evenly distributed
low-Ca pyroxene grains. Olivine also occurs as fine grains near the chondrule boundary. Mesostasis
fills interstices between olivine and pyroxene, typically occurring in the centre of the chondrule. The
matrix surrounding the chondrule consists of equigranular material composed of olivine and low-Ca
pyroxene. Mesostasis is scarce.

Olivine in porphyritic chondrule 14POP-1 was identified as forsterite (Fo 81). It occurs as a
coarse (200 um lengthwise) idiomorphic grain in the centre and fine (50-100 um) hypidiomorphic
grains near chondrule rims (Fig.1). Major element concentrations are practically invariable. There is
no difference in olivine composition between the chondrule and the matrix (Table 1). Trace element
concentrations in olivine vary markedly: refractory Zr and Ti, as well as moderately volatile Ba, V,
Ni, Cr and REE, vary by several orders of magnitude. The highest trace element concentrations are
exhibited by olivine at the chondrule rim, where Zr, Hf, REE and Sr concentrations are more than
twice as high as those of olivine in the centre of the chondrule and matrix of the meteorite.
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Fig.1. BSE images of chondrules of the Borodino Meteorite:
Ol - olivine, Px — low-Ca pyroxene, Mes — mesostasis

Table 1
Major (wt.%6) and trace (ppm) element composition
of silicate minerals from 14POP-1 chondrule of the Borodino Meteorite
Ol Px Mes
Component
Centre Rim Matrix Centre Rim Matrix Rim Rim Matrix
SiO2 39.38 39.60 39.23 57.87 57.70 56.76 63.13 64.22 64.26
Al203 0.00 0.02 0.01 0.12 0.10 0.24 19.64 19.38 21.46
MgO 43.27 43.60 42.78 30.44 30.84 30.34 1.31 0.36 0.30
TiO2 0.00 0.00 0.02 0.11 0.11 0.20 0.38 1.89 0.02
CaO 0.02 0.01 0.03 0.60 0.56 0.72 4.30 1.96 2.90
FeO 17.55 17.40 17.63 10.96 11.15 10.94 1.80 1.45 0.58
MnO 0.49 0.46 0.48 0.53 0.51 0.51 - — —
Cr203 0.02 0.02 0.02 0.11 0.08 0.31 - — —
NiO 0.00 0.01 0.00 0.00 0.01 0.02 - — —
Na20 = — - — — — 9.75 10.07 9.78
K20 — - - - — — 0.56 1.55 0.65
Total 100.74 101.11 100.19 100.73 101.04 100.05 100.86 100.87 99.95
Zr 1.06 5.28 2.05 21.4 2.05 8.01 61.7 61.8 112
Hf b.d.l. 0.25 0.11 0.45 0.09 0.18 1.45 1.39 3.03
Ca 4299 3987 6230 5210 5524 5821 - — —
Y 0.03 0.08 0.08 0.36 0.18 0.31 1.61 2.09 1.30
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End of Table 1

ol Px Mes
Component
Centre Rim Matrix Centre Rim Matrix Rim Rim Matrix
Al 165 155 110 612 696 1181 — - -
Ti 80.8 104 326 894 732 1077 2009 1776 1454
Nb 0.40 0.09 0.19 0.33 0.17 0.41 1.63 1.05 2.02
La 0.01 0.26 0.12 1.15 0.04 0.27 2.81 2.99 3.12
Ce 0.02 0.60 0.20 2.38 0.11 0.50 4.60 3.79 5.76
Pr b.d.l. 0.04 0.03 0.22 0.01 0.06 0.59 0.52 0.62
Nd b.d.l. 0.24 0.13 0.89 0.06 0.27 2.12 2.26 2.35
Sm b.d.l. 0.06 0.04 0.14 0.07 0.04 0.32 0.14 0.25
Eu 0.01 0.03 0.01 0.04 0.01 0.01 0.27 0.15 0.76
Gd 0.03 0.27 0.02 0.13 0.04 0.07 0.36 0.16 0.45
Th - - - - - - - - -
Dy b.d.l. b.d.l. b.d.l. 0.07 b.d.l. 0.06 0.33 0.28 0.18
Ho — — - - - — - — —
Er b.d.l. b.d.l. b.d.l. 0.04 0.06 0.07 0.26 0.17 0.09
Yb 0.03 0.05 0.02 0.14 0.06 0.09 0.17 0.26 0.16
Lu 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.03
Sr 0.10 1.20 1.47 0.40 0.49 0.88 28.4 23.3 104
Ba 0.12 6.79 1.53 4.10 0.37 4.00 14.9 12.9 34.7
\Y 457 14.3 34.0 64.0 47.6 133 102 126 64.7
Ni 17.9 103 53.2 50.6 56.7 160 — = =
Cr 1939 316 1546 2733 1583 5921 3133 2881 1793
Rb 2.36 1.66 3.22 0.57 1.47 1.76 5.34 8.31 14.1
REE 0.12 1.56 0.57 5.21 0.48 1.49 11.8 10.8 13.8
LREE 0.05 1.23 0.53 4.82 0.30 1.16 10.7 9.86 12.9
HREE 0.07 0.33 0.04 0.39 0.18 0.33 1.14 0.91 0.90

Note. Dash — no element detected; b.d.l. — element content is below the detection limit.

Trace element distribution spectra for olivine are mildly differentiated (Fig.2, a). Trace element
concentrations in olivine at the rim of chondrule 14POP-1 in the Borodino Meteorite practically reach
chondrite values, which is not typical of olivine from ordinary chondrites. Olivine from chondrule
14POP-1 displays higher trace element concentrations than those in olivine from UOC, except for Al.
Al concentration in olivine from the chondrule and the matrix is less by one order of magnitude than
Al concentration in olivine from UOC.

Olivine from chondrule 14POP-1 is also richer in REE than olivine from UOC, although it typi-
cally displays the prevalence of heavy rare-earth elements (HREE) over light (LREE). Olivine from
the matrix shows the prevalence of LREE.

Low-Ca pyroxene from chondrule 14POP-1 occurs as enstatite (En 81, Wo 1). It is evenly dis-
tributed over the chondrule area, occurring as fine (about 100 um lengthwise) idiomorphic and
hypidiomorphic grains. Major element concentrations vary slightly. Pyroxene from the chondrule
does not differ in major element concentrations, but pyroxene from the matrix is twice as rich in Al
and Ti as pyroxene from the chondrule.

Trace element concentrations in low-Ca pyroxene are relatively stable. Elevated Zr and Ce con-
centrations in pyroxene from the centre of the chondrule (21.4 and 2.38 ppm, respectively) and low
REE concentrations (0.48 ppm) in the pyroxene of the chondrule rim were revealed.

Trace element distribution spectra for low-Ca pyroxene from chondrule 14POP-1 are poorly dif-
ferentiated (Fig.2, ¢). They differ mainly in REE concentrations. For instance, pyroxene from the
centre of the chondrule and the matrix typically displays the prevalence of LREE over HREE, but
pyroxene from the chondrule rim exhibits elevated HREE concentrations relative to LREE. Pyroxene
from the meteorite matrix displays a positive europium anomaly.

Pyroxene in chondrule 14POP-1 is richer in refractory trace elements and REE than low-Ca py-
roxene from UOC, except for Al. Moderately volatile element concentrations in pyroxene from chon-
drules 14POP-1 and UOC are practically the same.

20
This is an open access article under the CC BY 4.0 license



EDN WHSYGT

a Olivine/chondrite
1 -
01r
0.01} *Y e Centre
Rim
e MALTIX
= = UOC
O 1 1 1 | - 11 | 11 1 | DY G . I 11 1 11 1)
ZrHfCaY Al TiNbLaCePrNSmEUGATbDyHoErYbLuSrBaV NiCrRb
Pyroxene/chondrite
1 -
0.1r
m— CeNtre
Rim
0.01r
m— Matrix W
= = UOC |
0.001 1 1 | S N | I- 11 11 1 1 | o 1 11 11 1 | - l- 1)
ZrHfCaY Al TiNbLaCePrNdSmEUGATbDYHoEr YbLuSrBaV NiCrRb
e - -
Mesostasis/chondrite
1 -
01r
0.01 - \ /
Rim Vigarano
=== Matrix === : Renazzo
0001 L 0w wwwbw w11y

ZrHf Y TiNbLa Ce Pr NdSmEuGd Tb DyHo Er YbLu Sr Ba V CrRb

0.001

0.001

0.00

0.01

0.01

0.1

0.01

1

m— Centre
Rim
=== UOC

ZrHfCaY AlITiNbLaCePrNSmEuGdTbDyHoErYbLuSrBaV NiCrRb

Pyroxene/chondrite

m— CeNntre
B Rim
s M AL X
uocC

G [ENET S SN N N N B B BN S S S N LN CE D CER GRS G N DN N S

ZrHfCaY Al TiNbLaCePrN&SmEuGdTbDyHoEr YbLuSrBaV NiCrRb

Mesostasis/chondrite

= = UOC
e Centre Vigarano Jd
=== RiM == | Renazzo

L1 1 | I L S [ | | B LR XN (R | | ] S Y [ | { I - |

ZrHf Y TiNbLa Ce Pr NdSmEuGd Tb DyHo Er YbLu Sr Ba V CrRb

Fig.2. Spider diagrams for trace elements normalized to CI chondrite. Chondrule 14POP-1: olivine (a);
low-Ca pyroxene (c) and mesostasis (e). Chondrule 14BOP-2: olivine (b); low-Ca pyroxene (d) and mesostasis (f).
Data on the composition of UOC minerals are given according to [20, 21]
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Mesostasis from chondrule 14POP-1 consists of highly recrystallized glass of albite (An 8 Or 8)
and oligoclase (An 19 Or 3) composition. It fills large interstices between olivine and pyroxene, and
is more abundant near the chondrule rim. The mesostasis contains acicular aggregates of high-Ca
pyroxene and micron-sized chromite and troilite grains. Its slightly variable major element composi-
tion is due to the heterogeneity of the mesostasis. MgO 0.30-1.31 (wt.%) and TiO2 concentrations
(0.02-1.89 wt.%) are most variable.

Trace elements in the mesostasis of chondrule 14POP-1 vary slighly. Mesostasis from the meteo-
rite matrix is slightly enriched in Zr and moderately volatile elements (Sr, Ba, V and Rb). Trace element
concentrations in mesostasis from the chondrule remains unchanged in spite of its heterogeneity.

Trace element distribution spectra for mesostasis from chondrule 14POP-1 fully coincide with
those for plagioclase from Vigarano coaly chondrule, but contain more Zr, Hf and LREE (Fig.2, e).

Barred chondrule 14BOP-2 consists of thin olivine and low-Ca pyroxene bars. Small interstices
between them are filled with mesostasis. The chondrule is over 1 mm in size, has no metallic or
silicate rims, is rounded in shape and the chondrule-matrix boundary is poorly-defined (see Fig.1).

Olivine in barred chondrule 14BOP-2 is present as forsterite (Fo 81). It occurs as thin highly
elongated (from one chondrule rim to the other) inequidirectional skeletal crystals and is evenly dis-
tributed throughout the chondrule. Major element concentrations in olivine are practically invariable,
except for FeO and MgO, which is typical of a meteorite of a fifth petrologic type (Table 2).

Trace elements in olivine from the chondrule also vary slightly. Olivine grains depleted in re-
fractory elements (Y, Al, Ti, Nb) occur in the centre of the chondrule. Olivine from the chondrule
rim is slightly different in trace element concentrations from that in the centre of the chondrule.

Trace element distribution spectra for olivine from the chondrule are poorly differentiated
(Fig.2, b). No significant differences between olivine from the centre and rim of the chondrule were
revealed. Olivine from chondrule 14BOP-2 contains higher trace and rare-earth element concentra-
tions than olivine from UOC. Al concentration in olivine from the chondrule rim is similar to that in
olivine from UOC, a feature not typical of olivine from other chondrules.

Low-Ca pyroxene from the chondrule is present as enstatite (En 81, Wo 1). Like olivine, it forms
skeletal crystals elongated from one chondrule rim to the other. It mainly occurs in the centre of
chondrules. Pyroxene occasionally has thin ore mineral (kamacite-taenite, chromite and troilite)
streaks. Major element concentrations in low-Ca pyroxene from the chondrule and matrix of the me-
teorite are stable.

Trace elements in low-Ca pyroxene from the barred chondrule varies slightly, depending on the
position of pyroxene in the chondrule. Pyroxene from the centre of the chondrule is depleted in LREE
and contains low refractory trace element (Zr, Al, Ca) concentrations. Pyroxene from the chondrule rim
is richer in refractory and rare-earth elements than pyroxene from the centre and matrix of the meteorite.
Low-Ca pyroxene from the matrix has low Al and HREE concentrations.

Trace element distribution spectra for low-Ca pyroxene from chondrule 14BOP-2 are poorly
differentiated, and trace element concentrations are close to chondrite values (Fig.2, d). HREE’s ty-
pically prevail over LREE’s in pyroxene from the chondrule, but pyroxene from the matrix displays
an inverse trend.

Low-Ca pyroxene from the barred chondrule is richer in refractory and rare-earth elements
than low-Ca pyroxene from UOC, although pyroxene from the chondrule is poor in Al than pyroxene
from UOC.

Mesostasis fills micron-sized interstices between olivine and pyroxene bars. The aggregates are
no more than 50 um in size. The mesostasis on BSE-images generally looks homogeneous, although
it often occurs with fine ore mineral grains. In chondrule 14BOP-2, mesostasis is present as poorly
recrystallized glass of oligoclase composition (An 11 Or 5). In the matrix, its composition may vary
to anorthoclase (An 7 Or 13). The minor element composition of the mesostasis is invariable, except
for FeO and MgO.
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Table 2
Major (wt.%0) and trace (ppm) element composition
of silicate minerals from 14BOP-2 chondrule of the Borodino Meteorite
Ol Px Mes
Component
Centre Centre Rim Centre Rim Matrix Centre Centre Matrix
SiO: 39.82 39.16 39.59 57.65 57.23 57.45 64.79 63.68 63.37
Al20s3 0.01 0.01 0.00 0.16 0.16 0.12 20.97 19.84 20.22
MgO 42.71 42.18 43.57 30.42 30.77 30.78 0.07 0.32 1.08
TiO2 0.00 0.00 0.01 0.14 0.16 0.10 0.00 0.06 0.04
CaO 0.02 0.05 0.02 0.68 0.70 0.72 2.46 2.42 2.50
FeO 17.93 18.37 17.21 11.04 11.26 11.06 0.89 2.26 1.32
MnO 0.47 0.47 0.50 0.51 0.48 0.47 - — —
Cr203 0.00 0.06 0.00 0.21 0.15 0.14 - — —
NiO 0.01 0.18 0.00 0.01 0.02 0.04 - — —
Na20 - - - — — — 10.36 9.90 8.94
K20 — - - — — — 0.81 1.04 1.10
Total 100.97 100.47 100.90 100.83 100.93 100.87 100.33 99.51 98.57
Zr 0.96 8.10 2.36 5.93 15.0 7.49 21.6 40.2 5.18
Hf 0.05 0.18 0.11 0.12 0.74 0.22 0.58 0.97 0.20
Ca 5626 5320 5035 7713 15349 5080 — — —
Y 0.05 0.68 0.43 0.54 1.44 0.29 3.69 0.72 0.19
Al 452 257 2417 2239 16514 509 - — -
Ti 94.7 308 939 1317 990 752 1326 642 328
Nb 0.04 0.60 0.27 0.49 1.18 0.30 0.71 0.60 0.20
La 0.02 0.09 0.03 0.03 0.11 0.45 0.55 0.48 0.20
Ce 0.06 0.32 0.06 0.08 0.26 0.90 1.56 1.09 0.33
Pr 0.01 0.03 0.01 0.02 0.07 0.09 0.25 0.12 0.04
Nd 0.05 0.07 0.09 0.07 0.24 0.33 1.62 0.52 0.16
Sm b.d.l. 0.09 0.04 b.d.l. 0.19 0.07 0.30 0.09 0.03
Eu 0.02 0.01 0.03 0.01 0.08 0.03 0.32 0.40 0.52
Gd 0.04 0.06 0.08 0.07 0.20 0.06 0.43 0.09 0.06
Th — - - - - - — - -
Dy b.d.l. 0.04 0.02 0.08 0.21 0.05 0.57 0.13 0.03
Ho — — — — — - — — —
Er 0.06 0.05 0.09 0.17 0.37 0.07 0.51 0.08 0.06
Yb 0.02 0.03 0.13 0.26 0.36 0.12 0.52 0.08 0.02
Lu 0.01 0.02 0.03 0.02 0.03 0.02 0.06 0.02 0.01
Sr 1.18 22.2 6.90 2.35 26.4 0.55 55.5 56.0 93.7
Ba 1.59 2.09 1.35 1.07 9.62 2.39 24.1 28.2 35.4
\Y 275 70.2 63.9 109 81.9 575 91.7 50.5 21.8
Ni 248 1910 1200 424 73.3 90.2 - — —
Cr 727 2176 2326 5498 1097 1917 1851 991 68.5
Rb 3.98 b.d.l. 2.48 3.51 4.82 1.77 18.8 24.5 36.6
REE 0.28 0.80 0.61 0.81 211 2.18 6.70 3.12 1.46
LREE 0.15 0.60 0.27 0.20 0.95 1.86 4.60 2.71 1.28
HREE 0.13 0.20 0.35 0.61 1.16 0.32 2.10 0.40 0.18

Trace element concentrations vary considerably. For instance, mesostasis from the centre of the
chondrule is richer in refractory trace elements than that from the meteorite matrix. There are also
some differences between mesostasis grains in the centre of the chondrule. FeO-depleted mesostasis
contains higher refractory and rare-earth concentrations than other central mesostasis grains.

The trace element distribution spectra are highly differentiated (Fig.2, f). Mesostasis from the
matrix is poor in trace elements. The spectra clearly show the prevalence of LREE over HREE and
a well-defined europium anomaly. Mesostasis from the matrix coincides largely with a trace ele-
ment distribution spectrum for plagioclase from Renazzo coaly chondrite. However, it contains
high refractory element (Zr, Hf and Ti) and low REE concentrations. Mesostasis from chondrule
14BOP-2 shows a trace element distribution spectrum similar to that for plagioclase from the
Vigarano Meteorite, although it seems to decline towards the Renazzo spectrum, occupying an in-
termediate position.
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Pyroxene-olivine aggregate 14APO-3 was formed as the isometric intergrowth of fine
(250-300 um) low-Ca crystals with hypidiomorphic olivine grains (50-100 pm) (see Fig.1) in its
centre. Mesostasis from the aggregate is poorly-defined. It mainly occurs at the matrix-aggregate
boundary. The aggregate could be interpreted as a highly metamorphosed chondrule with completely
obliterated boundaries. However, it is hardly a chondrule, because its rims are not rounded and its
internal structure is specific.

Olivine from the aggregate is present as forsterite (Fo 81). It occurs as several grains located
mainly in the centre of the aggregate. The major element composition of olivine is stable.

Trace element concentrations in olivine from the aggregate are slightly variable (Table 3). Oli-
vine from aggregate 14APO-3 tends to be slightly richer in trace elements than olivine from the ma-
trix. However, no significant differences in trace element concentrations were revealed.

Table 3
Major (wt.%6) and trace (ppm) element composition
of silicate minerals from aggregate 14APO-3 chondrule of the Borodino Meteorite
Ol Px Mes
Component
Centre Centre Matrix Rim Rim Matrix Centre Rim Matrix
SiO2 39.37 39.33 39.70 56.64 57.40 57.71 65.32 64.27 65.61
Al03 0.02 0.00 0.00 0.21 0.14 0.12 20.98 21.02 19.95
MgO 42.77 43.10 4291 30.95 30.24 30.43 0.18 0.10 0.39
TiO2 0.01 0.00 0.02 0.22 0.14 0.14 0.07 0.01 0.01
Ca0 0.04 0.01 0.03 0.74 0.74 0.76 2.43 2.41 1.48
FeO 17.90 17.78 17.86 11.26 11.12 11.02 0.65 2.26 0.77
MnO 0.48 0.48 0.46 0.50 0.47 0.49 - — -
Cr203 0.03 0.02 0.01 0.22 0.17 0.13 - = =
NiO 0.01 0.02 0.00 0.02 0.00 0.00 - - -
Na20 = — — - — — 10.15 10.15 9.25
K20 — - — - — — 0.97 0.89 2.41
Total 100.61 100.72 100.98 100.75 100.42 100.80 100.74 101.11 99.86
Zr 0.33 1.25 0.48 0.88 0.41 2.13 2.30 7.43 9.20
Hf 0.09 0.06 0.05 0.14 0.10 b.d.l. 0.29 0.25
Ca 4538 4529 4189 5506 4657 5063 - — -
Y 0.02 0.10 0.06 0.29 0.23 0.31 0.15 0.30 0.59
Al 76.5 221 38.0 649 422 784 - — -
Ti 103 390 452 1028 701 1156 303 319 469
Nb 0.08 0.08 0.06 0.03 0.05 0.16 0.23 0.42 0.47
La 0.02 0.01 0.01 0.04 0.01 0.03 0.11 0.25 0.11
Ce 0.02 0.03 0.02 0.06 0.02 0.05 0.15 0.35 0.31
Pr 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.04 0.03
Nd b.d.l. 0.05 b.d.l. 0.10 b.d.l. 0.06 0.06 0.21 0.09
Sm 0.05 b.d.l. 0.04 0.04 b.d.l. 0.05 b.d.l. 0.06 0.04
Eu 0.01 b.d.l b.d.l 0.01 b.d.l. 0.02 0.49 0.59 0.41
Gd 0.02 0.02 b.d.l. 0.02 0.02 0.02 0.02 0.03 0.06
Th - - - - - - - - -
Dy - 0.03 0.03 0.05 0.03 0.03 0.02 0.06 0.07
Ho — — — — — — — — —
Er b.d.l. 0.01 0.04 0.11 0.03 0.07 0.08 0.03 0.04
Yb 0.06 0.04 0.03 0.07 0.07 0.11 0.03 0.03 0.06
Lu b.d.l. b.d.l. 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Sr 0.09 0.28 0.21 0.14 0.12 0.34 82.7 100 76.4
Ba 0.21 0.58 0.25 0.28 0.20 0.55 338 42.5 40.0
\% 17.3 311 24.1 50.5 39.9 56.0 21.0 26.2 41.3
Ni 27.4 121 64.8 404 494 89.2 - = =
Cr 459 648 430 1080 962 1181 146 113 330
Rb 1.55 1.70 2.91 0.73 0.97 1.21 25.6 28.6 248
REE 0.20 0.21 0.20 0.53 0.20 0.47 0.98 1.67 1.23
LREE 0.11 0.10 0.09 0.26 0.03 0.22 0.82 1.50 0.99
HREE 0.09 0.10 0.11 0.27 0.17 0.25 0.16 0.17 0.24
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The trace element distribution spectrum for the aggregate is slightly fractionated. Trace element
concentrations in olivine are below chondrite values (Fig.3, a). Olivine from aggregate 14APO-3 is
richer in refractory and rare-earth elements than olivine from UOC, except for Al.
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Fig.3. Spider diagrams for trace elements normalized to Cl chondrite. Aggregate 14APO-3: olivine (a);
low-Ca pyroxene (c) and mesostasis (€). Chondrule 14PO-4: olivine (b) and mesostasis (f).
The Y and Nb ratio in low-Ca pyroxene of the Borodino Meteorite (d).
Data on the composition of UOC minerals are given according to [20, 21]
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Low-Ca pyroxene from aggregate 14APO-3 is present as enstatite (En 81, Wo 1). It occurs as coarse
fractured idiomorphic crystals overgrown with olivine grains. Its trace element concentrations are invariable,
except for some minor variations: TiO2 0.12-0.21 wt.% and Cr.O3 0.13-0.22 wt.%.

Trace elements in low-Ca pyroxene from aggregate 14APO-3 vary less markedly than those in
olivine. Pyroxene at the aggregate rim has a minimum LREE concentration of 0.03 ppm, which is not
characteristic of pyroxene from the aggregate, the matrix, and other chondrules.

Trace element distribution spectra for pyroxene from aggregate 14APO-3 are absolutely similar
to each other, suggesting their permanent trace element composition (Fig.3, c). Trace element con-
centration in pyroxene from the aggregate is below chondrite values. Trace element fractionation in
low-Ca pyroxene from the aggregate is not obvious.

The trace element distribution spectrum for the pyroxene of aggregate 14APO-3 has much in
common with a spectrum for pyroxene from UOC. However, it contains high refractory element (Zr,
Hf, Ti) and some rare-earth (Sm, Eu) element concentrations.

Mesostasis from aggregate 14APO-3 occurs very seldom. On BSE-images, it looks like abso-
lutely homeneous plagioclase of oligoclase composition (An 11 Or 4). The major element composi-
tion of the mesostasis is stable, except for considerable variation in FeO (0.67-2.03 wt.%) and minor
variations in Al203 (20.86-21.33 wt.%).

The trace element composition of mesostasis from aggregate 14APO-3 is slightly variable. The
central portion of the mesostasis contains minimum trace element concentrations, especially Zr, Hf,
Y and REE. Mesostasis from the aggregate rim is similar to that from the matrix, but its LREE con-
centrations are higher (1.50 ppm).

Trace element distribution spectra for mesostasis from the pyroxene-olivine aggregate are not
differentiated (Fig.3, ). Trace element concentrations in the mesostasis are consistent with chondrite
values. No HREE and LREE fractionation in mesostasis from the aggregate and matrix of the Boro-
dino Meteorite has been revealed. The trace element distribution spectrum for mesostasis from the
aggregate is fully consistent with that for plagioclase from Renazzo coaly chondrite. However, it
contains elevated refractory Zr and Hf concentrations and low total REE.

Porphyritic chondrule 14P0O-4 consists solely of olivine and mesostasis. It has a perfect rounded
shape with a little nose, is small in size (500 um) and has no silicate or metallic rims. Olivine from the
chondrule occurs as coarse idiomorphic grains. The coarsest grains are up to 250 pm lengthwise, while
the finest grains are 50-70 um in size. Mesostasis is evenly distributed throughout the chondrule,
it fills interstices between olivine grains and looks homogeneous on BSE-images.

Olivine from chondrule 14PO-4 is present as forsterite (Fo 81). It is coarse, highly fractured and,
unlike olivine from the matrix, has well-defined facets. Major element concentrations in olivine from
the chondrule are practically invariable (Table 4).

Trace elements in olivine from chondrule 14P0O-4 vary markedly. For instance, olivine from the
centre of the chondrule contains intermediate trace element concentrations, as compared to olivine
from the rim and matrix of the meteorite. Olivine from the chondrule rim contains minimum trace
element concentrations. Very low concentrations are characteristic of Y 0.03, Al 56.7, REE 0.19
and Sr 0.11 ppm. Olivine from the matrix of the Borodino Meteorite is richer in Zr, Hf and LREE
than olivine from chondrule 14PO-4.

The trace element distribution spectra for olivine from chondrule 14P0O-4 are poorly differenti-
ated (Fig.3, b). Trace element concentrations increase to chondrite values, which are much higher
than trace element concentrations in olivine from UOC. The greatest prevalence is characteristic of
refractory Zr, Hf, Nb and REE. In olivine from chondrule 14PO-4, LREE dominate over HREE.

Mesostasis from chondrule 14P0O-4 consists of homogeneous poorly recrystallized glass of oli-
goclase composition (An 11 Or 4). Plagioclase occasionally occurs together with micron-sized troilite
and chromite grains. The major element composition of the mesostasis is practically invariable, ex-
cept for some minor variations in FeO (0.67-2.03 wt.%).
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Table 4
Major (wt.%) and trace (ppm) element composition of silicate minerals from 14PO-4 chondrule of the Borodino Meteorite
ol Mes
Component
Centre Rim Matrix Centre Rim Matrix
SiO: 39.45 39.50 39.50 64.37 64.63 -
Al20s 0.00 0.00 0.00 20.86 21.33 -
MgO 42.65 43.05 42.94 0.11 0.09 —
TiO2 0.00 0.02 0.03 0.04 0.06 -
CaO 0.03 0.04 0.02 2.44 2.47 -
FeO 17.80 17.69 17.89 2.03 0.67 -
MnO 0.47 0.47 0.48 - — -
Cr203 0.02 0.02 0.05 - = =
NiO 0.01 0.00 0.00 - — -
Na20 — — - - - —
K20 - — - - — -
Total 100.44 100.78 100.91 100.71 100.40 -
Zr 3.00 0.76 13.0 9.86 481 49.2
Hf 0.15 0.08 0.23 0.13 0.22 1.15
Ca 4340 3753 3513 - — -
Y 0.17 0.03 0.25 0.04 0.07 2.50
Al 1239 56.7 3967 - — -
Ti 70.4 75.4 739 281 250 1737
Nb 0.44 0.17 0.83 0.17 0.08 0.99
La 0.14 0.01 0.62 0.11 0.41 0.99
Ce 0.23 0.02 0.89 0.21 0.59 2.92
Pr 0.05 b.d.l. 0.15 0.01 0.07 0.25
Nd 0.14 0.07 0.48 0.03 0.31 1.16
Sm 0.11 b.d.l. 0.08 0.03 0.15 0.34
Eu 0.05 0.03 0.04 0.59 0.53 0.07
Gd 0.06 b.d.l. 0.14 0.04 0.10 0.37
Tb - — - - - -
Dy 0.03 b.d.l. 0.03 0.01 0.02 0.43
Ho - — - - — -
Er b.d.l. 0.06 0.01 0.04 0.03 0.31
Yb 0.02 b.d.l. 0.06 b.d.l b.d.l. 0.37
Lu 0.01 b.d.l. 0.02 b.d.l. b.d.l. 0.04
Sr 2.18 0.12 5.13 90.2 81.2 7.52
Ba 3.16 0.49 3.19 37.8 35.1 10.6
\% 29.9 333 55.3 135 28.2 178
Ni 824 39.0 441 - — —
Cr 1111 1636 2792 24.5 648 3209
Rb 3.65 221 1.54 20.3 25.6 2.87
REE 0.85 0.19 2.52 1.07 221 7.24
LREE 0.73 0.13 2.25 0.98 2.06 5.72
HREE 0.12 0.06 0.27 0.09 0.15 1.52

Trace elements in mesostasis from chondrule 14PO-4 also vary slightly. Mesostasis contains
minimum LREE concentration in the centre of the chondrule, but not at its rim. Mesostasis from the
matrix has more trace and rare-earth elements than that from the chondrule, except for Eu.

The trace element distribution spectra obtained are differentiated with respect to the position of
mesostasis in or outside the chondrule (Fig.3, f). For instance, mesostasis from the centre and at the
rim of the chondrule is depleted in trace elements and displays the prevalence of LREE over HREE
and a well-defined positive europium anomaly. Mesostasis from the matrix contains more trace ele-
ments than that from the chondrule, exhibits a poorly-defined negative anomaly and shows practically
no light or heavy rare-earth element fractionation.

Mesostasis from the chondrule overlaps the plagioclase line for Renazzo coaly chondrite to a
greater extent. However, it contains high refractory element (Zr and Hf) concentrations. Mesostasis
from the matrix has a spectrum similar to that for plagioclase from Vigarano coaly chondrite. How-
ever, it contains high Zr and Hf concentrations and displays a negative europium anomaly.
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Discussion. Olivines from porphyritic (14POP-1 and 14PO-4) and barred 14BOP-2 chondrules,
pyroxene-olivine aggregate 14APO-3 and the Borodino Meteorite matrix have practically the same
trace element concentrations, but display some minor differences in trace element composition.

The trace element distribution spectrum obtained for olivine is generally poorly-differentiated.
However, there is a group of olivines enriched in incompatible LREE, Sr and Ba (Fig.4, a, b). These
olivines are from the different objects (chondrules and aggregate) of the meteorite, look homogeneous
on BSE-images and consist of coarse (over 200 um) grains. However, there is no difference in the
trace element composition of olivine, regardless of its position in the centre of the object, at the rim
or in the matrix.

Differences in the objects of the Borodino Meteorite can be seen on plots showing Ca/Ni
(Fig.4, ¢) and Cr/Nb ratios (Fig.4, d). Olivine from barred chondrule 14BOP-2 is richer in Ca and Ni
than other objects of the Borodino Meteorite, forming an isolated cloud of points. Olivine from py-
roxene-olivine aggregate 14APO-3 and a barred chondrule contains more Cr and Nb than olivine
from porphyritic chondrules. Olivine from the Borodino Meteorite contains more trace refractory and
rare-earth elements than olivine from UOC. The bulk of olivine has less Al than UOC.
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Fig.4. Spider diagrams for trace elements normalized to CI chondrite in olivine from the Borodino Meteorite relative to different
chondrules (a) and the location of grains inside/outside the chondrule (b);
the Ca/Ni (c) and Cr /Nb (d) ratios. Data on the composition of UOC minerals are given according to [20, 21]
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Fig.5. Spider diagrams for trace elements normalized to CI chondrite in low-Ca pyroxene from the Borodino Meteorite relative to
different chondrules (a) and the location of grains inside/outside the chondrule (b);
the Ni/La (c) and Yb/Hf (d) ratios. Data on the composition of UOC minerals are given according to [20, 21]

Low-Ca pyroxene displays a variety of trace element concentrations, depending on the object in
which it occurs. For instance, pyroxene from barred chondrule 14BOP-2 contains more trace elements
than pyroxene from porphyritic chondrule 14POP-1 and aggregate 14APO-3 (Fig.5, a). Pyroxene
from porphyritic chondrule 14POP-1 has low trace element concentrations. Pyroxene from the mete-
orite matrix is also depleted in trace elements, as compared to a barred chondrule and is more similar
to pyroxene from a porphyritic chondrule (Fig.5, b).

Pyroxene from the Borodino Meteorite is not different from pyroxene present in porphyritic
chondrules (UOC), except for a small amount of Al and high Ti concentration.

The concentration of some trace elements in low-Ca pyroxene is controlled by its position in the
meteorite object. Point fields, corresponding to the position of pyroxene — in the centre, at the object
rim or in the meteorite matrix, were obtained from Nb/Y (see Fig.3, d), Ni/La (Fig.5, ¢) and Yb/Hf
(Fig.5, d) ratios. Thus, pyroxene from the centre of the meteorite is normally enriched in trace
elements, pyroxene from the object rim is depleted in them and pyroxene from the meteorite matrix
occupies an intermediate position. The trends revealed are characteristic of pyroxene from porphyritic
and barred chondrules and pyroxene-olivine aggregate.
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Fig.6. Spider diagrams for trace elements normalized to Cl chondrite in mesostasis from the Borodino Meteorite relative
to different chondrules (a) and the location of grains inside/outside the chondrule (b); the Ce/Sr (c),
Zr/Ti (d), La/Y (e) and V/Nb (f) ratios. Data on the composition of UOC minerals are given according to [20, 21]
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The trace element composition of mesostasis is more informative than the object of the meteorite
in which it occurs, as compared to olivine and low-Ca pyroxene. Mesostasis from barred chondrule
14BOP-2 and porphyritic 14POP-1 chondrules is richer in trace elements than mesostasis from porphy-
ritic chondrule 14P0O-4 and pyroxene-olivine aggregate 14APO-3 (Fig.6, a, b). The trace element
distribution spectrum of metostasis 14BOP-2 and 14POP-1 is either similar to that of the Vigarano
Meteorite or is slightly poorer.

Mesostasis from other objects of the meteorite is depleted in trace elements and is similar to
a spectrum for plagioclase from Renazzo coaly chondrite.

Differences in trace element concentrations in mesostasis between the objects of the meteorite
can be seen on plots showing Ce/Sr (Fig.6, c), Zr/Ti (Fig.6, d), La/Y (Fig.6, €) and V/Nb (Fig.6, f)
ratios. The first three plots show three isolated groups of points corresponding to mesostasis 14PO-4
and 14APO-3 depleted in trace elements. An intermediate position is normally occupied by mesosta-
sis from barred chondrule 14BOP-2, and the richest mesostasis from porphyritic chondrule 14POP-1
usually occupies an opposite marginal position. The plot for Ce-Sr correlation shows an inverse ratio:
mesostasis from 14PO-4 and 14APO-3 is enriched in Sr but is depleted in Ce. Mesostasis from chon-
drule 14POP-1 is enriched in Ce but contains minimum Sr concentration, while mesostasis from the
barred chondrule occupies an intermediate position.

In spite of obvious differences in the trace element composition of mesostasis from the various
objects of the Borodino Meteorite, the chemical composition of mesostasis is not controlled by its
position in the object.

Conclusions. Thus, minerals from porphyritic olivine-pyroxene and barred chondrules contain
elevated trace element concentrations. Trace element concentrations in olivine is correlated with grain
size. The trace element composition of low-Ca pyroxene is controlled by the position of a pyroxene
grain in the meteorite object, and the composition of mesostasis by the object itself. The results ob-
tained show no traces of the equilibration of the trace element composition of silicate minerals in the
Borodino Meteorite.

High LREE/HREE values for unequilibrated ordinary chondrites (UOC) are correlated with
a decrease in grain size. This trend is assumed to be due to the rapid cooling of fine grains [21].
Experiments have shown that trace element accumulation in olivine and low-Ca pyroxene is intensi-
fied by an increase in chondrule crystallization rate and, hence, olivine growth rate in it. Nevertheless,
the evidence obtained contradicts the earlier studies referred to in the present paper. Further studies,
e.g. analysis of trace element accumulation in olivine depending on controlled by grain cross-section
and estimation of the real, rather than observed, size-of olivine, are needed.

Low-Ca pyroxene and mesostasis from a barred chondrule contain elevated amounts of trace
elements. This evidence is consistent with experimental data indicating the rapid crystallization of
chondrule melt in a protoplanetary disc. Low-Ca pyroxene shows an increase in trace element con-
centrations in the following sequence: rim — matrix — centre, which could be due to chondrule-nebular
gas interaction [35].

The author is grateful to Candidate of Physics and Mathematics S.G.Simakin and E.V.Potapov
(Valiev IPT RAS, Yaroslavl Branch) for their analytical work.
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Abstract. This paper presents the accuracy of leveling routes determined by using GNSS/leveling at three grades and
Earth gravitational model data SGG-UGM-2 in four regions of Vietnam by calculating the difference between the
measured height anomalies and the model of pairs of points. The calculation is made based on the total points of three
grades for four regions (99 in the Northwest, 34 in the Red River Delta, 130 in the Central Highlands, and 96 in the
Mekong River Delta) with the leveling routes, connected between pair of points in each region are 189, 92, 294, and
203. The calculated results of the percentage of accuracy of the leveling routes of the four regions have shown that
most of the leveling routes are satisfactory (grades I-1V, and technical leveling). The determination of the accuracy of
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Introduction. A height system is a one-dimensional coordinate system used to determine the
metric distance of some points from a reference surface along a well-defined path, termed simply the
height of that point [1]. Corresponding to the reference surface will give the type of height: the geoid
reference surface will give the orthometric height, and the quasigeoid reference surface will give the
normal height (also known as the leveling height). The reference surface is the ellipsoid which will
give the ellipsoid height.

Most countries in the world have used the normal height system as the national height system.
This height system is concretized by benchmarks (called national height points) buried in the field.
The normal heights of benchmarks are determined based on the starting surface which is the average
sea level for many years. National height points are control points serving the construction of all kinds
of works for the socio-economic development, security, and defense of each country.

To establish topographic maps, cadastral maps, construction of civil and industrial works, traffic
works, irrigation, mining, etc., height points are built. These points are connected with the national
benchmarks from the leveling routes, and leveling closed loops. Therefore, if we know the accuracy
of the leveling routes, we can predict the height accuracy of the connection points with those national
height points.

In order to determine the accuracy of the leveling routes to achieve grade, it usually takes the
following steps: measure in the field; process measurement data to calculate the mean square error

34
This is an open access article under the CC BY 4.0 license



EDN UGMFEW Journal of Mining Institute. 2024. Vol. 265. P. 34-44 E:gx
© Bui Thi Hong Tham, Phi Truong Thanh, 2024

=

per one km leveling route; compare the mean square error per one km leveling route with the permit-
ted measurement error for leveling grades [2-6].

The accuracy of the leveling route is determined after the process of measuring and processing
data, which wastes time and money, especially if the leveling route does not reach the required accu-
racy. Therefore, the idea of this study is to determine the accuracy of the leveling route without having
to take measurements in the field. To carry out this study, the Earth gravitational model and
GNSS/leveling data were used.

An Earth gravitational model (EGM) is a set of geopotential coefficients used in a spherical
harmonic expansion to create a global potential surface to coincide with the Mean Sea Level (MSL).
This model is used as the reference geoid in the WGS. Basically, Earth gravity model data are
provided in two formats: as a series of spherical harmonic coefficients determining the model and as
a geoid height of the point which have a coordinate. A GNSS point that has an ellipsoid height and
leveling height is called a GNSS/leveling point.

GNSS/leveling data and Earth gravitational model play an important role in studies of the ge-
oid, and national height systems and it is the input data source to carry out studies, such as:

The GNSS/leveling data is used to evaluate the accuracy of the global gravity model such as:
evaluating and comparing models GOCE, EGM2008 in the Mediterranean area [7], Japan [8];
evaluating models EGMO08, EIGEN-6C4, GECO in Iran [9], Turkey [10]; evaluating model
EGM2008 [11]; comparing model XGM2019e with XGM2016, EIGEN-6C4, EGM2008 [12]; com-
pare models EGM2008 and EGM96 in lIraq [13]; evaluating model EGM2008, EIGEN-6C4,
XGM2019e_2159 in Korea [14]; comparing model EIGEN-6C4 with EGM2008 in Europe, USA,
Canada, Brazil, Japan, Czech Republic and Slovakia [15]; evaluating the accuracy of models
EGM2008, EIGEN-6C4, GECO, and SGG-UGM-1 in Kenya [16]; evaluating models EGM2008,
EIGEN6C4, and GECO in the Aegean region [17]; evaluating models EGM96, EGM84, and
EGM2008 in Iraq [18]; comparing models EGM96 and EGM2008 in Iraq [19]; comparing models
OUS-91A, EGM96, and EGM2008 in Egypt [20]; evaluating model EGM2008 in Bangladesh [21].
GNSS/leveling data was used to build local geoid models such as in Iraq [19], Turkey [22], Evboriaria,
Benin City (Nigeria) [23].

GNSS/leveling data were used to correct the global gravity model and build a local geoid model: the
model EGM2008 and GNSS/leveling data to build a local geoid model in Indonesia [24], Nigeria [25],
Vietnam [26], Turkey [27], Egypt [28], China [29], the USA [30]; model EIGEN6C4, leveling data,
GNSS to build a local geoid model in Uganda [31].

GNSS/leveling data and the global gravity model were used to build the height system in
Italy [32], the GNSS/leveling data and the model EGM2008 to build the height system in Palestine [33];
the GNSS/leveling was together with GOCE data to estimate the height reference system in
Canada [34].

GNSS/leveling data, global gravity model and other data were used to build local geoid model:
GNSS/leveling together with EGM2008 data, digital terrestrial model to determine geoid model
in Mexico [35]; GNSS/leveling together with EIGEN-6C4 gravity data to build geoid model in
Qatar [36]; GNSS/leveling together with GOCE data to build geoid models in the state of Sdo Paulo
(Brazil) [37]; GNSS/leveling together with model data XGM2019e 2159, digital terrestrial model
ACE2 GDEM to build geoid model in Egypt [28]; GNSS/leveling together with model data
EGM2008, EIGEN-6C4, gravity data, high-resolution topographic data, bathymetric data to build
geoid model in Vietnam [38].

GNSS/leveling data and Earth gravitational model are indispensable factors when studying
height-related issues in countries. It is an input data source to support evaluating the accuracy of the
global gravity model, building the national height system, and the local geoid model.
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In this study, based on the GNSS/leveling data and Earth gravitational model, the theoretical
basis for determining the accuracy of the leveling routes is presented logically and rigorously.
Based on the collected data, the experimental areas are selected as the areas in the territory of
Vietnam.

Theoretical basis. The relationship between the ellipsoid height h and the normal height H is
presented by the formula

CiGNSS/IeveIing ~ hi -H ! > (1)

where CiGNss,leve,ing— height anomaly of point i.

The height anomaly value can also be determined based on the Earth gravitational model.

To determine the accuracy of the leveling route connecting the national GNSS/leveling
points, the value of the height anomaly when determined according to the GNSS/leveling data is
compared with the corresponding data taken from the Earth gravitational model.

Suggested ¢! ., is the height anomaly of the point i extracted from the Earth gravitational model.
The formula for calculating the height anomaly of the point i is written as follows:

ACi = CiGNSS/IeveIing _Cimodel =h'-H' _Cimodel' (2)

Calculate the average value of the deviation of height anomaly according to the following
formula

Al e = L AL/, 3

where n — is point numbers.
The deviation of the pair of points i and j (Fig.1) are calculated according to the following
formula

ALY = AL - AL 4)
Combination of formula (2) and (3), get
Ac.:ij =hj_hi_(Hj_Hi)_( rl;wodel_t.:imodel)‘ (5)

Assign formulas

ART=h! —h'; AHT=H'-H';

) . : i . i (6)
AClrjnodel = rJnodeI _Clmodel; ACl(JBNSS/IeveIing =Ah" —AH IJ’
2 .
3.\ . ‘1 ,,f’. get the equation
\HH‘\ II'. ..-"ll. J__,"'!f AC“ = Ah“ _AH ! _Ac.,lrjnodel = ACI(JBNSS/IeveIing _Az;lrjnodel' (7)
% L JF . : . .
AT The weight of the equation (6) is calculated according to the
Pl formula
- \\\\ 1
III ™~ PIJ =—, 8
| \\ \‘K DIJ ( )
i ] °
j' where D — is the distance between points i and j, km.
The mean square error of the height anomaly difference over
Fig.1. Pairs of points one kilometer is calculated according to the following formula
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PAC'AC’
My, = w’ (9)
q
where ¢ — is the number of pairs of points used to perform the calculation.

The national standard on building height networks, the permited error for leveling route, leveling
closed loop according to the grade are specified. In Vietnam, for mountainous areas, the permited
error for leveling route, leveling closed loop of grades I, II, IlI, IV is 3L, 5JL, 12JL,25JL
(L is in mm); respectively; for in the plains, these errors are 2/L , 4+/L , 10v/L , 204/, respectively;
for technical leveling, the error is 50+/L (L is in km).

Vietnam is a country which has mostly low hills and mountains, with plains making up about a
quarter of the area. Based on topography and economic development, Vietnam is divided into the
following regions:

* Northwest region — terrain with many high mountain ranges;

* Northeast region — low hills;

* Red River Delta — relatively flat terrain, it is the economic center of the northern region of
Vietnam;

* North central coast — mixed topography of mountains, hills and plains;

« South central coast — low mountains and plains;

« Highlands region — diverse topography, includes: high mountains, plateaus and large plains;

« Southeast region — midlands and low hills;

« Southwest region or Mekong River Delta — terrain is relatively flat, quite low compared to sea
level, often affected by tides.

According to the national standard on building height networks, with different topographical
areas, the error of leveling route, leveling closed loop according to their grades is different. Therefore,
the areas having a typical topography of Vietnam are selected for research including: Northwest,
Red River Delta, Central Highlands, Mekong River Delta. Data sources used in the analysis include
GNSS/Leveling data and Earth gravitational model data.

GNSS/leveling data. The points number of national GNSS/leveling in each experimental area is
listed in Table 1. The leveling and geodetic heights of the GNSS/leveling points are detailed in Table 2.

Table 1
GNSS/ leveling points
. Number of GNSS/ leveling points
Region Total
Grade | Grade Il Grade 11
Northwest 35 16 48 99
Red River Delta 20 11 3 34
Highlands 24 26 80 130
Mekong river Delta 13 52 31 96
Table 2
Data of GNSS/leveling points
Points s
number Point index B? L° h, m H, m
1 1(BMT-APD)12 12.28926 107.59477 907.6780 907.9755
2 1(BMT-APD)1-2 12.65835 108.02837 431.3888 431.2042
3 1(BMT-APD)16 12.10935 107.65618 833.2335 832.9730
4 I(BMT-APD)22 11.99578 107.51564 732.3017 732.6708
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End of Table 2
nF:J(:ri\r;)tesr Point index BC L° h, m H, m

5 I(BMT-APD)25 11.93166 107.42908 575.1619 576.0473

6 I(BMT-APD)3 12.58108 107.84340 358.1393 358.6506

7 I(BMT-APD)6 12.49414 107.74019 580.5556 581.0788

8 I(BMT-NH)11-1 12.80411 108.54048 468.5150 466.5640

9 I(BMT-NH)17-1 12.73304 108.75417 423.7629 420.9371

10 I(BMT-NH)22 12.58583 108.85847 561.2232 557.7819
351 HI(TT-GR)4 9.95520 105.36885 -5.6633 0.9933
352 II(TT-HN)2 10.92092 105.42574 -4.3237 4.1669
353 HI(TT-TS)1 10.25559 105.16435 -5.4807 2.6149
354 II(TV-LS)9 9.71773 106.42700 -0.1141 2.0210
355 II(TY-VD)9 9.22404 104.81945 —6.3808 0.4914
356 11(UM-HDB)7 10.52037 104.70823 -8.4336 2.0185
357 I(vVL-MC)7 10.23367 106.18661 —-2.0257 1.8265
358 HI(VT-PS)5 9.37355 105.39224 —4.1265 1.1779
359 HvT-vC)7 9.29983 105.93297 -1.2964 1.4918

Earth gravitational model data. The Earth gravitational model SGG-UGM-2 is the latest model
published in 2020. The data of this model can be accessed at the website of the International Center
for Global Earth Models (ICGEM) (http://icgem.gfz-potsdam.de/tom). Height anomaly data of
GNSS/leveling points got from the Earth gravitational model are listed in Table 3.

Table 3
Height anomaly data of GNSS/leveling
points got from Earth gravitational model
Points number Point index Csee-uem-2> M | Points number Point index Csee-uam-2> M
1 I(BMT-APD)12 —0.6568
2 I(BMT-APD)1-2 -0.4138 351 HI(TT-GR)4 -6.9711
3 I(BMT-APD)16 -0.0710 352 HI(TT-HN)2 -9.1764
4 I(BMT-APD)22 -0.6639 353 HI(TT-TS)1 -8.7063
5 I(BMT-APD)25 -1.1798 354 HI(TV-LS)9 —2.4782
6 I(BMT-APD)3 -1.0340 355 HI(TY-VD)9 —7.1055
7 I(BMT-APD)6 -1.0081 356 III(UM-HDB)7 | —11.1486
8 I(BMT-NH)11-1 1.3586 357 HI(VL-MC)7 -4.1515
9 I(BMT-NH)17-1 2.3220 358 HI(VT-PS)5 ~5.4536
10 I(BMT-NH)22 3.0755 359 HI(VT-VC)7 -3.1043

Results and discussions. The accuracy of the leveling routes is carried out according to the
following steps:

1. Calculate the height anomalies from measurement data GNSS/leveling CiGNSS,,eve"ng (formula (2).

2. Calculate the deviation of hight anomaly between the measured height anomalies and model
AZ'. The mean value of high anomaly A is calculated in formula 3.

average
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3. Calculate the deviation of height anomalies of the pairs of points A¢Y (formula (5).

4. Calculate the weight of the leveling route P (formula (8).
5. Calculate the mean square error of the height anomaly difference per kilometer m,_ (formula

(9) for each leveling route and for four regions.

6. Calculate the permited error for each leveling route m

permited *

7. Compare the mean square error of the height anomaly difference per kilometer of each leveling
route with the permited error.
The calculated results in steps 1 and 2 are shown in Table 4 and Fig.2.

Table 4
Height anomalies from measurement data GNSS/leveling
and their deviation and the model value
Points number Point index Consseveing> M | AZ', m | Points number Point index Conssiviings M | AL, m
1 I(BMT-APD)12 -0.2975 0.3593
2 I((BMT-APD)1-2 0.1846 0.5984 351 IHI(TT-GR)4 —6.6566 0.3145
3 I(BMT-APD)16 0.2605 0.3315 352 I(TT-HN)2 —-8.4906 0.6858
4 I(BMT-APD)22 -0.3691 0.2948 353 HI(TT-TS)1 —8.0956 0.6107
5 I(BMT-APD)25 -0.8854 0.2944 354 II(TV-LS)9 -2.1351 0.3431
6 I((BMT-APD)3 -0.5113 0.5227 355 IHI(TY-VD)9 -6.8722 0.2333
7 I(BMT-APD)6 -0.5232 0.4849 356 1I(UM-HDB)7 -10.4521 0.6965
8 I(BMT-NH)11-1 1.9510 0.5924 357 H(VL-MC)7 -3.8522 0.2993
9 I((BMT-NH)17-1 2.8258 0.5038 358 II(VT-PS)5 -5.3044 0.1492
10 I(BMT-NH)22 3.4413 0.3658 359 H(vVT-vC)7 -2.7882 0.3161
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Fig.2. Height anomaly of model SGG-UGM-2 with the height anomaly of the GPS/ leveling:
a — Northwest; b — Red River Delta; ¢ — Central Highlands; d — Mekong River Delta
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Figure 2 shows that the topography of the four regions is generally higher than the model SGG-
UGM-2. The average value of the deviation of height anomaly of the GNSS/leveling points between
the measurements and model makes in the Northwest 0.4249 m, Red River Delta 0.6369 m, Central
Highlands 0.4638 m, and Mekong River Delta 0.3588 m.

The calculated results in steps 3 and 4. From the GNSS/leveling points at the four regions, the
leveling routes are formed based on pairs of points with the number of routes in the Northwest region
189, Red River Delta 92, Central Highlands 294, and Mekong River Delta 203. The measured height
anomaly values and models of GNSS/leveling routes are shown in Table 5.

over 1km of the four regions is calculated according to the formula (9):

40

Table 5
The deviation of height anomalies
of the national GNSS/leveling of pairs of points
Points number Start point End point D, km | All\ssieweingsM | Alloge- M | ALY, m pii
1 I(BMT-APD)12 I(BMT-APD)16 21.0 ~0.5580 -0.5858 | 0.0278 | 0.048
2 I(BMT-APD)12 111(DBS-DL)3 234 0.3530 0.1683 | 0.1847 | 0.043
3 I(BMT-APD)12 111(QS-DN)2 29.8 -1.1846 -1.2386 0.0540 | 0.034
4 I(BMT-APD)12 111(BDS-QP)5 33.0 -0.7274 -0.4316 | —0.2958 | 0.030
5 I(BMT-APD)22 1(BMT-APD)25 11.8 0.5163 0.5159 0.0004 | 0.085
6 I(BMT-APD)22 I(BMT-APD)16 19.8 ~0.6296 ~0.5930 | —0.0366 | 0.050
7 I(BMT-APD)25 I(BMT-APD)30 24.0 0.9462 0.9868 | —0.0406 | 0.042
8 I(BMT-APD)25 1H1(BGM-MH)3 32.7 1.6841 1.8078 —0.1237 | 0.031
9 I(BMT-APD)3 I(BMT-APD)6 14.8 0.0119 -0.0259 | 0.0378 | 0.068
10 1(BMT-APD)3 111(BDS-QP)5 21.3 -0.9412 -0.8088 | —0.1324 | 0.047
767 HI(TT-HN)2 II(HN-AB)7 23.7 —0.7255 -1.0619 0.3364 | 0.042
768 HI(TT-TS)1 11(CD-VC)8 32.3 -0.1642 -0.5622 0.3980 | 0.031
769 11(UM-HDB)7 111(OD-CN)1 26.1 -0.7561 —0.6581 | —0.0980 | 0.038
770 H(VL-MC)7 H(TL-TV)5-1 175 —0.6959 -0.6593 | -0.0366 | 0.057
771 H(VL-MC)7 IH(MT-TV)6-1 17.6 -0.1647 -0.1954 0.0307 | 0.057
772 HI(VL-MC)7 HI(LH-TH)1 21.6 0.3888 0.4602 —0.0714 | 0.046
773 HI(VL-MC)7 I(VL-HT)273A 23.1 -0.3478 -0.3374 | —0.0104 | 0.043
774 HI(VL-MC)7 H(TX-TL)25 24.9 1.1117 1.1544 —0.0427 | 0.040
775 I(VL-MC)7 I(VL-HT)284A 29.2 ~1.1320 -0.9975 | —0.1345 | 0.034
776 HI(VT-PS)5 11(SC-PL)34 20.7 0.9892 0.9625 0.0267 | 0.048
77 HI(VT-PS)5 11(SC-PL)15 219 0.6785 0.5949 0.0836 | 0.046
778 HI(VT-VC)7 1I(ST-PL)2 275 -0.7561 —0.6581 | —0.0980 | 0.036

The calculated results from steps 5 to 7. The mean square error of the height anomaly difference

for Northwest region m,,, = /% ~£0.0516 m;

for Red River Delta region m,, = /0'(;5270 ~10.0249 m;
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for Central Highlands region m,, = /% ~$0.0284 m;

for Mekong River Delta region m,, =, ’Ogggl ~10.0160 m.

To determine the accuracy of each leveling route, it is necessary to define two types of errors:

« the mean square error of the height anomaly difference over one km shows the accuracy of the
leveling route that is calculated according to the formula (9); in case if it has only one leveling route,
g=1and P =1 and the mean square error of the height anomaly difference over 1 km will be calcu-

lated according to formula m, , = [ACiACj];

« the permitted error is also caculated for each leveling route based on the topography of the area.
If the terrain is plain, the value of L = 1.1D (distance between two points), if the terrain is mountain-
ous, the value of L = 1.3D.

The error value for each leveling routes is shown in Table 6.

Error of the leveling routes

Table 6

Paints

Absolute value of permitted error, mm

Achieved grade

number St palt End point knl. T Grade | Grade | Grade | Grade Technical of leveling route
| l Il \% leveling
1 I(BMT-APD)12 | I(BMT-APD)16 27.8 157 | 26.1 | 62.7 | 130.6 313.6 Grade 111
2 I(BMT-APD)12 | I1I(DBS-DL)3 184.7 165 | 27.6 | 66.2 | 1379 330.9 Technical
3 I(BMT-APD)12 | 111(QS-DN)2 54.0 18.7 | 31.1 | 747 | 155.6 373.3 Grade 111
4 I(BMT-APD)12 | I11(BDS-QP)5 295.8 19.7 | 328 | 78.7 | 163.9 393.3 Technical
5 I(BMT-APD)22 | I(BMT-APD)25 0.4 118 | 196 | 47.0 | 979 235.0 Grade |
6 I(BMT-APD)22 | I(BMT-APD)16 36.6 152 | 254 | 60.9 | 126.9 304.5 Grade Il1
7 I(BMT-APD)25 | I(BMT-APD)30 40.6 168 | 279 | 67.0 | 139.6 335.1 Grade 111
8 I(BMT-APD)25 | I1I(BGM-MH)3 123.7 196 | 326 | 783 | 163.0 391.3 Grade IV
9 1(BMT-APD)3 I((BMT-APD)6 37.8 132 | 219 | 526 | 109.6 263.1 Grade 111
10 I(BMT-APD)3 111(BDS-QP)5 132.4 158 | 26.3 | 63.1 | 1315 315.6 Technical
767 HI(TT-HN)2 I1(HN-AB)7 336.4 102 | 204 | 511 | 102.1 255.4 Unsatisfactory
768 IHI(TT-TS)1 11(CD-VC)8 398.0 119 | 238 | 59.6 | 119.2 298.0 Unsatisfactory
769 II(UM-HDB)7 | I1I(OD-CN)1 98.0 10.7 214 53.6 | 107.2 268.1 Grade IV
770 1(vL-MC)7 I(TL-TV)5-1 36.6 8.8 176 | 439 | 87.8 219.5 Grade 111
771 | NI(VL-MC)7 | I(MT-TV)6-1 307 | 88 | 176 | 440 | 879 219.9 Grade Il
772 1(vL-MC)7 II(LH-TH)1 714 9.8 195 | 488 | 97.6 243.9 Grade IV
773 I(vVL-MC)7 I(VL-HT)273A 10.4 10.1 20.2 50.4 | 100.9 252.1 Grade Il
774 1(vL-MC)7 I(TX-TL)25 77.8 105 | 20.9 | 524 | 104.7 261.8 Grade IV
775 I(vVL-MC)7 I(VL-HT)284A 42.7 11.3 22.7 56.6 | 113.3 283.2 Grade Il1
776 II(VT-PS)5 11(SC-PL)34 1345 9.5 19.1 | 477 | 954 238.5 Technical
777 | I(VT-PS)5 11(SC-PL)15 267 | 98 | 196 | 491 | 982 245.4 Grade Il
778 nvT-vC)7 I(ST-PL)2 83.6 110 | 220 | 55.0 | 110.0 274.9 Grade IV

The sum of leveling routes corresponding to the grades for each region in Table 6 is listed in
Table 7. The number of leveling routes of each grade in four regions are calculated as the number of
leveling routes of each grade divided by the total number of leveling routes of each respective region.
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Table 7

Number of leveling routes achieved grades and percentage of accuracy

Accuracy, %
Number of leveling routes achieved grades
Satisfactory
Region _ 2 _
- = E % 8 o g - = E E E S 2 Unsatisfactory
S| 8| 8| ||| || 8| 8]| |5
O O 15} o) 22 g o 0) o I5) 22
Northwest 13 7 25 45 68 31 189 | 69 | 3.7 | 13.2 | 23.8 | 36.0 16.4
Red River Delta 9 7 15 28 30 3 92 98 | 76 | 16.3 | 304 | 326 3.3
Central Highlands 31 15 62 97 85 4 294 | 105| 51 | 211|330 | 289 14
Mekong River Delta 16 14 35 51 67 20 203 | 79 | 69 | 17.2| 251 | 33.0 9.9

The percentage of accuracy of the leveling routes of the four regions of Vietnam show that
most of the leveling routes in the four regions are satisfactory (grades I-1V and Technical leveling).
The highest grade that can be obtained for the leveling routes in all four experimental regions
is grade I.

Conclusions. The results of determining the accuracy of the leveling routes from GNSS/leveling
data and Earth gravity model SGG-UGM-2 at four regions — Northwest, Red River Delta, Central
Highlands, Mekong River Delta — by calculating the difference between the measured height ano-
malies and the model of pairs of points with the leveling routes, connected between pair of points in
each region showed that most of the percentage of accuracy of the leveling routes of the four regions
are satisfactory.

The effect of determining the accuracy of leveling routes allows to save time and money, since
there is no need to take measurements in the field. The determination of the accuracy of the leveling
route is completely applicable to other areas if the points have both geodetic and leveling heights.

From these results, managers and surveyors can predict the accuracy of the elevation points when
the above-mentioned leveling routes are connected to take reasonable measures when implementing
the project.
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Abstract. There is a global upsurge in the use of cemented paste backfill (CPB) for various mining functions. However,
the cost of the Portland cement binder is prohibitive, thus warranting strategies to reduce cement usage without overly
diminishing the CPB quality. Since carbon dioxide is used for patented sand moulding processes, this study is premised
on that physicochemical ability of CO2 to enhance the curing of consolidated inorganic materials. It evaluated the
impact of carbon dioxide on the uniaxial compressive strength UCS and preparation cost of CPB standard samples
(ASTM C109). The preparation cost was delimited to the purchase cost of the Portland cement. The backfill material
was silica sand tailings with 4.5 wt.% Portland cement binder and a water-cement ratio of 7.6. Distilled water of
pH 5.4 was used for the control samples while variable amounts of carbon dioxide were dissolved in distilled water to
generate carbonated mixing water with pH values of 3.8; 4 and 4.2. The lower the carbonated water pH, the higher is
the COz concentration. UCS tests were conducted on the samples after curing for 3, 7, 28, and 90 days. There was an
observable increase in the UCSs and reduction in curing time with increasing carbon dioxide. Samples prepared with
carbonated water of pH 3.8 had almost double the strength of those prepared with pure distilled water of pH 5.4,
implying that more dissolved CO: corresponds to higher CPB strength. This is supported by the trendline equations for
the graphical simulation of strength on curing time. Thus, CPB with much less binder can be expected to attain the
requisite UCS if carbon dioxide is incorporated. The average reduction in Portland cement consumption was 0.61 %,
which translates to a cost saving of the same percentage points. If calculated over the operational life of a mine, this is
a massive saving of millions of dollars.

Keywords: cemented paste backfill; CPB; curing time; uniaxial compressive strength; binder consumption; carbon
dioxide sequestration; tailings management
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Introduction. Hardened mine backfill or cemented paste backfill (CPB) is a synthetic engi-
neering material composed of'tailings, water, and hydraulic binders, with the tailings constituting
65-85 % of the combined paste weight [1-3]. CPB has multiple mining applications such as un-
derground mine backfilling [4-6], roof support [7-9], control of surface subsidence [10-12], and
mitigation of acid mine drainage [1, 13], while at the same time serving as an environmentally
friendly tailings management method utilized in many mines globally [14-16], with its adoption
on the increase [17, 18].

A critical geotechnical quality criterion for cured mine backfill is the mechanical strength
[10, 19, 20], which is important for load bearing applications such as roof and goaf support
[9] in underground mines to safeguard mine personnel and prevent ore dilution [5, 7, 21]. The
unconfined compressive strength (UCS) of the hardened or cured backfill is commonly
ascertained via the uniaxial compressive strength test to evaluate the CPB’s stability on demand
due to the test’s low cost and ease of integration into standard mine quality control protocols
[22-24]. Before curing, the CPB is in slurry form, necessitating transport in pipelines and the use
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of slurry pumps to convey it to places where it is needed [25-27]. During this phase, rheological
properties of the CPB slurry are critical for timely and efficient deposition at points of
interest [28-30]. Numerous works such as [2, 7, 31] have studied the rheology of CPB slurry and
characterised it as a non-Newtonian fluid [25, 27, 30], whose yield stress is mainly affected
by the solids mass fraction [32-35]. This yield stress is the primary shear stress that the slurry
pumping system has to overcome in order for the CPB to flow, thus making it critical for
cost-effective placement of the CPB in mine workings [7, 27]. Water-reducing admixtures
can be added to the paste to augment its pumpability, and improve the strength of the cured
CPB [36-38].

CPB is the most extensively used backfilling technology in Northern America, and in some
parts of the globe because of a number of advantages over competing technologies [24, 38, 39].
CPB is produced by homogeneously mixing three major constituents: tailings, water, and binder
[12, 40-42]. The binder generates cohesion in the CPB due to the hydration process [21, 43, 44].
A major type of binder which is often used in the mining industry for the production of CPB is
Portland cement in weight proportions of 2-7 % owing to its market abundance and flexibility of
application [21, 37, 45].

However, while binders advantageously increase the mechanical strength of CPB [17, 20, 46],
they can also represent a considerable portion of the mine operating cost [2, 8, 37]. For example,
Portland cement binders constitute about 50-75 % of the overall cost of CPBs [8, 27, 45].
For instance, the cement consumption of the mining industry in the province of Ontario, Canada
alone is estimated between 5-6 % of the total Canadian Portland cement production with an esti-
mated cost of CA $75 million annually in the consolidation of backfill in underground mining op-
erations [44].

Since binder consumption is the most expensive component in the preparation of CPB,
there is a need to explore techniques for reducing the binder consumption of cemented backfill
[17, 18, 47]. One approach would be to incorporate carbon dioxide into the cemented backfill
during its preparation, as has been reported for concrete [48, 49]. The strength of concrete has
been observed to increase due to carbonation, which results in precipitates forming and aggregat-
ing inside pores in the cement matrix. The partial closure of the pores or voids, also termed pore
refinement improves the cement UCS [48, 49]. If the same phenomenon can occur in CPB, then
it may also lead to an increase of its UCS, thereby reducing the binder consumption and affiliated
costs. While the study by T.Kasap et al. [50] did consider the effect of pH on CPB, there was no
deliberate alteration of the mixing water pH by dissolution of CO, but the natural composition
of the different tailings used was intentionally selected so as to have basic and acidic CPB sam-
ples. Therefore, the present work focuses on assessing the impact of carbonation on the UCS of
CPB and the potential cost savings in its preparation arising out of reduced Portland cement
binder use.

Methodology. Silica sand tailings. Ground silica sand (99.8 wt.% SiO;) was used as the main
mine backfill constituent, consistent with earlier studies [14, 24, 51]. The physical properties of this
sand: Gs 2.7; Dio 1.9; D3o 9.0; Dso 22.5; Deo 31.5; Doo 88.9; Cy 16.2; C¢ 1.3 um. The silica sand
can be classified as medium tailings having about 40 % fine particles, which have diameters lower
than 20 pm.

Binder. The purpose of the binder in paste backfill is to create adequate mechanical strength
to satisfy static and dynamic loading support functions. Portland cement is traditionally used as
binder for cemented paste backfill [45]. Paste backfill bonded with Portland cement exhibits im-
proved shear strength, tensile strength, and stiffness [52, 53]. Therefore, 4.5 wt.% by weight
Portland Cement Type I (PCI) was used as the binder in this study. The chemical constitution of
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this PCI: MgO 2.65; CaO 62.82; SiO2 18.03; Mn203 4.53; Fe203 2.70; SO3 3.82 wt.% and it had
a density of 3.15g/cm®.

Mixing water. Water demand is critical in the preparation of CPB. In the context of this work, it
occupied second position (34.2 %) in terms of portions of the constituents after silica tailings.

A water-cement ratio (w/c) of 7.6 (4.5 x 7.6 =34.2 %) was maintained throughout the CPB
samples preparation. Two types of mixing water were used: distilled water with no CO, added (DW)
and distilled water with varying amounts of CO> (CW). Pure distilled water of pH 5.4 was used as the
solvent and control. Specific amounts of CO, were then added to this distilled water in order to create
carbonated mixing water with pH values of 3.8; 4 and 4.2 respectively (Table 1), such that the higher
the dissolved CO», the lower the pH and hence the more acidic the CW.

Table 1
Mix ratios of the CPB samples produced
Mix name Tailings type Binder type Binder, wt.% W/c ratio pH
CPB-3.8 ST PCI 4.5 7.6 3.8
CPB-4 ST PCI 4.5 7.6 4.0
CPB-4.2 ST PCI 4.5 7.6 4.2
CPB-5.4 ST PCI 4.5 7.6 5.4

Preparation of CPB mixtures. The silica sand tailings, cement and pre-treated water samples
were homogeneously mixed in a double spiral mixer. 31 samples were prepared with a fixed binder
composition of 4.5 wt.% and water-cement ratio of 7.6. The CPB that was produced was then poured
into standard cylindrical curing molds (J50 mm and H = 100 mm). The filled moulds were then
sealed to prevent vaporization of water and cured at a temperature of 22 °C, for periods of 3, 7, 28

and 90 days. The composition mixtures of the different CPBs prepared for this study are as presented
in Table 2.

Table 2

Density of constituents used during the preparation of CPB samples

Component Value, g/cm? Constituent portion, %
PCI 3.15 4.5
Distilled water 0.9900198 34.2=(4.5x17.6)
Carbonated water 1 34.2=(4.5%x17.6)
Silica sand tailings 1.680 61.3=(100-4.5 x7.6)

Testing Methods. UCS tests were conducted on all the 31 cylindrical samples in order to evaluate
their mechanical strength after 3, 7, 28 and 90 days of curing. An initial load of 10 N was first applied
before dynamic loading began at a compression rate of 2.5 mm/min to failure in accordance with
ASTM C109 using a 50 kN Z050 ZwickRoell compression machine.

Results and discussion. /nfluence of carbon dioxide on CPB strength. Figure 1 shows that
throughout curing times 3, 7, 28 and 90 days respectively, there is an increase of strength in the CPB
when the pH level is decreasing, especially between the strength of CPBs of DW (with pH level
of 5.4) and the strength of CPBs of DW (with pH level of 3.8). This trend of the increase of compres-
sive strength is also true when pH level is between 4 and 4.2 except at day 3 where the difference
between the compressive strength of all the samples is not that significant (Fig.1).

Another exception can also be seen at curing time day 7 where the compressive strength of DW
CPB with pH level of 5.4 is greater than the one of CW CPB with pH level 4.2. These two exceptions
might have been caused perhaps by the difficulties related to the preparation of high quality CPB
samples [9, 24, 37].
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Fig.1. Strength development of CPB with CW and DW Fig.2. Comparative strength development of DW CPB (pH = 5.4)

vs CW CPB (pH = 3.8)

Now since, throughout all the curing times studied (days 3, 7, 28 and 90), there is significant and
clear increase of compressive strength between specimen of DW (when pH level is 5.4) and CW
(when pH level is 3.8), the rest of the discussions are focused mainly on these two special cases.

At day 3 and day 90 of curing time, Fig.2 shows a 13 % strength increase of CW CPB specimens
of pH 3.8 in comparison with the DW CPB specimens of pH 5.4 for the same binder proportion
(4.5 wt.%). However, there are even greater strength increases during other curing times.

At “day 77, with the injection of CO» into the mixing water resulting in the solution with pH level
of 3.8, the UCS of CPB samples increased in 14 % versus the UCS produced with just DW (pH = 5.4).
At day 28 for example, it is shown that the strength of CPB made with CW where the pH level is of
3.8 reaches about 780 kPa (Fig.3). The incorporation of carbon dioxide into the mixing water to reach
a pH level minimum 3.8 increases the strength by approximately 24 %. That is almost double the
minimum strength (400 kPa) required at Matagami Mine, a Glencore underground zinc mine in the
province of Quebec, Canada. In fact, the CPB structure strength must reach 400 kPa after 28 days or
curing time. At the same curing time (day 28), Fig.3 show that the compressive strength of the CPB
obtained using DW was found to be about 630.2 kPa, which is lower than the value of CPB made
with CW when pH level is 3.8, yet it is greater than the industrial requirement of UCS at curing day
28 as stated above. This might mean that in the conditions of Matagami Zinc Mine, the required strength
of the hardened paste fill (400 kPa) can be developed or reached earlier than the curing time day 28.
Consequently, this might therefore contribute to the efficiency of underground mine productions oper-

1200 4 = 6.2452x> + 17.246x2 + 26.718x +226.24 1140.5 ations of adjacent mine faces since the
R =1 1 = stope backfilled would have already pro-
o 1000 Y =-24.203° + 23%?8321* 394.09x+ 495.07 ? vided a safe working environment for the
= ; miners [4, 32, 38, 46]. Overall, the presence
go 800 / of CO; in the water solution for preparing
£ 00- CPB caused the compressive strength to in-
2 crease by approximately 16 % when con-
§ 400- sidering the average value of all the UCSs
g » increases during the curing time studied
O 200 | (incremental strength of CW CPB over DW
CPB (days 3, 7, 28 and 90 — 13; 14; 24;

0 B T Y 13 % respectivery).

Carbon dioxide is one of the major
greenhouse gases (GHG) produced
mainly by human activities. Globally
Fig.3. Trendlines of strength development of DW CPB (pH = 5.4) 78 % of CO;, emissions come from activ-

W CPB (pH = 3. s .
Vs CW CPB (pH = 3.8) . ities related to production and energy
1-DW; 2 - CW; 3 — polynomial (DW); 4 — polynomial (CW)

Curing time, days
=_1] =2 —3 — 4
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consumption [54-57], such as the burning of fossil fuels, iron and steelmaking, and production of
cements. Some components of these emissions attack atmospheric ozone and create holes in the ozone
layer [58]. It is important to note that the suggested approach of introducing this type of GHG into
mixing water for the production of paste backfill implies first the extraction of CO. from natural
deposits (wells) or its capture and storage [59-63]. This means this approach may eventually become
one of the strategic ways of backfill technology for reducing the GHG footprint of the mining indus-
try, particularly in tailings and water management sectors since it promotes the capture, storage,
sequestration and utilization of the CO» [64]. Hence, it might help contribute towards the achievement
of United Nations (UN) SDG 13 (climate action) which recommends urgent action to combat
climate change and its impacts".

The density of carbonated water is dependent on the degree of carbonation. There is no consistent
density for carbonated water; however, if certain parameters are known, then the density can be easily
calculated. In order to calculate the density of carbonated water, the density of both carbon dioxide and
water. Carbon dioxide has a density of 0.00198 g/cm’. The density of water is 1 g/cm’. The equation to
calculate the density of a substance involves multiplying the percentage of concentration of one substance
by its density and adding it to the percentage multiplied by the density of the other substance [37].

Now, knowing the mathematical model of the strength development of CPB produced with CW
of pH level 3.8 as function of curing time, it is possible to determine the approximate day when the
hardened paste fill would cure and reach the expected 400 kPa:

y =-24.203x" +235.68x” —394.09x + 495.07. (1)

Solving equation (1) which represents the best fit function obtained using Microsoft Excel when
y =400 kPa, under the conditions of Matagami Mine would yield the following results: x; = 7.68552;
x2 = 0.29005; x3 = 1.76207 days. Among these values, the optimum curing time, would be 7.7 days
while the other two can be rejected since they are not realistic according to the experimental data.
This means that by incorporating CO; into mixing water for the production of CPB, the expected
mechanical strength (400 kPa) can be attained after only 8 days instead of 28 days. This is equivalent
to the reduction of the CPB curing time by about 71.4 %, which would have tremendous impact on
the economic parameters of the considered mining company. Moreover, the schedule of the entire
mine operations would be improved and would there anticipate the cash flow of the project, and
therefore contribute effectively to the return on the investments and a shortened payback period of
the operation project:

Yy =6.2452x +17.246x" +26.718x + 226.24. (2)

Similarly, if equation (2) is solved considering Matagami Mine conditions when y is equal to
400 kPa, the optimum curing time for DW CPBs would be 2 days or 93 % of the curing time is saved.
This high rate of increase of the strength of CPBs observed for both CW and DW solutions can be
attributed partially to some physical properties of the silica tailings used, especially density. This is
obvious because the tailings material used at Matagami Mine is zinc ore gangue material, which
weighs less than the silica tailings used in the present study. The observation confirms the findings
of [10, 43, 65] who reported an increase in paste backfill strength for the same binder proportion
(4.5 wt.%) when the tailings density increased.

The results obtained demonstrate that there is an important strength improvement when there
CO:z 1s incorporated in the mixing water intended for the preparation of the CPB and that the pH level
of 3.8 yields the highest compressive strengths.

Effect of carbon dioxide on binder consumption. The results obtained demonstrate
that the presence of CO> in the mixing water for preparing the CPBs results in considerable

: Transforming our world: The 2030 Agenda for sustainable development, 2015, p. 35. URL: https://www.unfpa.org/sites/de-
fault/files/resource-pdf/Resolution. A RES 70 1 EN.pdf (accessed 20.05.2022).
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augmentation of the mechanical

%0 % 6L3 687 strength of these CPBs, with a water pH
_ __ = of 3.8 yielding the optimum UCS.

60 - Now, considering that there is a lin-

40 | ear proportional relationship between ini-

. tial binder portions (4.5 %), strength val-

207 45 36 ues of DW CPB samples and strength

0l== values of CW CPB samples at a pH level

PCI Water Silica tailings of 3.8, the optimized portions of binders

Curing time, days can be find by multiplying this binder

Bl ®2 portion by UCS of DW and divided by the

Fig.4. Comparison of consitituents portions of DW CPBs and CW CPBs, % UCS of CW at a specific curing t‘lme'_ Re-
sults for day 28 are presented in Fig.4.

Therefore, by injecting CO> into the mix-
Table 3 ing water, it is possible based on day 28

1 — constituents portions DW; 2 — constituents portions CW

Economic effect of incorportating CO, into CPB, CA $ results to save not only about 1 % of
. binders’ consumption (PCI), but also about

Costs of binders of CPB Annual . . .
Day Saved Costs 6.5 % of water consumption while main-
bw cw on binder taining the same w/c ratio (7.6). This
3 7473375 6626392.50 846982.50 might contribute towards the achievement
7 7473375 6543355.00 930020.00 of United Nations (UN) SDG 14 (Life
28 7473375 6045130.00 1428245.00 below water) which advocates for conser-
90 7473375 6626392.50 846982.50 vation and sustainable use of marine

resources for sustainable development”.

Based on the results of curing days 3, 7, 28 and 90 respectively, the overall economy that might
be achieved in terms of cement consumption in preparing paste fill, can be found within the respective
0.51; 0.56; 0.86; 0.51 % saving figures. The average value of this saving would be ~0.61 %.

The use of carbon dioxide also has another significant effect on the tailings consumption. After
introduction of CO; (decreased pH), there is an increased demand for the tailings quantity to be
used as major constituents for the production of paste backfill, about 7.4 % of tailing consumptions
at the curing day 28. This means that less mine residual materials may remain in the environment
to impact the ecosystem. Therefore, this approach might contribute effectively to underground
disposal [2, 23, 26]. Hence, the suggested approach might also help reach the UN SDG 15
(Life on the Land) which promotes the protection, restoration and sustainable use of terrestrial
ecosystems, sustainable management of forests, combating desertification, halting and reserving
land degradation, as well as halting biodiversity loss**.

Effect of COz on CPB binder costs. The optimization of the binder consumption due the concentra-
tion of carbon dioxide in the mixing water, leads to important economic results as presented in Table 3.

The findings indicate the incorporation of carbon dioxide in the distilled water used for prepara-
tion of CPB would result in a significant improvement of the strength for an equal quantity of binder.
This means that there is potential for the development of new optimum recipes of mixture of backfill
(reduction of cost of binders) and/or the forecast of its main mechanical property (strength) as
function of carbon dioxide concentration in the mixing water. As a result, about 0.51-0.86 % of quantities
of binders used during the preparation of backfill can be saved which may have a great impact on produc-
tivity and competitiveness of the relevant mines, that is to say also on generating employment.

* Transforming our world: The 2030 Agenda for sustainable development, 2015, p. 35. URL: https://www.unfpa.org/sites/de-
fault/files/resource-pdf/Resolution. A RES 70 1 EN.pdf (accessed 20.05.2022).
** Ibid.
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In fact, a mine which produces 7000 t of ore per Table 4
day produces an average of 3500 t of CPB per day with Variation of UCS of CPB as a function of pH, kPa
an average binder consumption of about 3.5 % (at times
4.5 % or more). Given, that the average cost of binders
is about CA $ 1.30 / 1% binder [26], a reduction of
the quantity of binder consumption of 0.51-0.86 %
would result in annual savings of about CA $ 846.983
(0.51 % x 3500 t x 365j) to CA' $ 1.428.245. For a mine
that has a lifespan of 20 years, the overall benefit in the reduction of the cost of cemented backfill
would be about 17 million (case of 0.23 % reduction) and about 29 million CA § (case of 0.86 %
reduction). The economic effect of incorportating CO; into CPB throughtout the life span of the mine
on 3, 7, 28 and 90 days would be 17 million CA §, 19 million CA $, 29 million CA $, 17 million CA $
respectively.

Trendline equations of CPB UCS as a function of pH. The best fit functions of strength
development of DW CPB (pH = 5.4) and CW CPB (pH = 3.8) versus the curing ages of the samples
were found using Microsoft Excel to be a third degree equation (see Fig.3). It is shown that the
strength y of hardened backfill increases with increasing curing time x.

Similary, mathematical models of the variation of the compressive strength with curing time
illustrated in Fig.1, are also third-degree polynomials equations for pH 5.4, 4.2, 4 and 3.8
respectively, R? = 1. Based on the coefficients for x, pH 3.8 corresponds to the optimum CO,
concentration for maximum strength of the CPB. This supports the data in Table 4, which shows
that with a decrease of the pH level of the mixing water, the compressive strength of the hardened
backfill increases:

pH Day 3 Day 7 Day 28 Day 90

3.8 3124 456.0 780.4 1140.5
4 298.8 427.6 685.0 1010.0
4.2 272.6 375.9 668.3 1013.4
5.4 276.4 398.6 630.2 1008.7

y=-23.679x> +209.04x> —591.88x +1547;

y =-16.689x" +139.48x" —397.01x+1054.6;
y=16.31x" —109.56x" +186.17x +363.04;

y=7.1087x’ —48.957x> +83.504x +270.79.

Conclusions. The incorporation of carbon dioxide into the mixing water for the preparation of
silica tailings CPB samples diminishes the pH level, as expected, due to the acidic nature of CO», but
increases the final UCS of the CPB by 13 %, while cutting the curing time by more than 70 %. It also
reduces the Portland cement binder consumption by approximately 0.51-0.86 %, and yields CPB
preparation cost savings of the same percentage points.

The best fit functions of strength development of DW CPB (pH = 5.4) and CW CPB (pH = 3.8)
versus the curing ages of the samples are both third-degree equations, and the trendlines have similar
profiles, implying the same curing mechanism in the CPB samples for either test case. The only
diffence is the magnitude of the coefficients, which explains the higher UCSs for the CW CPB
samples. This increase in strength is due to carbonation on account of reactions between the CO,,
water and Portland cement, producing fine-sized compounds which coalesce inside voids within the
CPB matrix. This increases the effective cross-sectional area of the CW CPB samples for compressive
load bearing, hence the higher UCSs.

Since CO; is the most important GHG, using it for CPB preparation is a strategic way for
mitigating the carbon footprint of the mining industry, particularly in tailings and water manage-
ment sector since it promotes the capture, storage, sequestration and utilization of the CO». Hence,
if commercialized it might contribute towards the achievement of United Nations SDG 13
(Climate Action) which recommends the taking an urgent action in order to combat climate change
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and its impacts. This contribution to climate change mitigation is in fact two-fold, considering that
less binder will be required for Portland cement, thus lessening GHG emissions from the cement
manufacturing industries.

Therefore, CO, in CPB can be one of the pathways for the mining and Portland cement manu-
facturing industries to achieve net zero GHG emissions by 2050.

Future CPB studies can focus on studying the impact of different volumes of the cement binder
on the backfill rheological and mechanical properties, and accounting for the costs of carbon diox-
ide production, capture, storage, transportation, and incorporation into the backfill mixture in the
economic analysis.

The chemical composition of the plant tailings has an effect on the water and cement demands
of the CPB, as well the rheological and mechanical properties. This warrants replications of this
study for different tailings.
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Abstract. Foreign practice of oil production in high-water-cut conditions suggests using the technology of injection of
preformed particle gel (PPG) suspension into injection wells. After swelling, the polymer particles become elastic and
are able to penetrate through highly permeable watered intervals into the remote reservoir zone, forming a polymer
“plug”. Thus far, the domestic experience of application of this technology boiled down to testing foreign compounds.
We have looked into the possibilities of PPG technology application in geological and technological conditions of high-
water-cut fields of Perm Krai. The paper proposes PPG reagents effective in low-temperature reservoirs (20-35 °C)
and at relatively high salinity of formation water (more than 200 g/l). The world experience of PPG technology
application was analyzed to identify the principal scheme of reagent injection, to establish variants of sequence of
injection of PPG particles of different sizes, as well as the possibility of regulating the morphological characteristics
of polymer gel particles during synthesis depending on the porosity and permeability of the reservoir.
A prerequisite for the technology is the ability to remove PPG particles after treatment from the bottom-hole zone of
the formation; for this purpose, tests were carried out on a breaker compound based on sodium persulfate with syner-
gizing additives. PPG technology is effective in reservoirs with high permeability heterogeneity. Two types of high-
water-cut production facilities potentially promising for PPG realization have been identified for oil fields of Perm
Krai. The first type includes carbonate Tournaisian-Famennian reservoirs with pronounced macrofracturing, in which
the PPGs are used for colmatation of flushed large fractures. The second type is terrigenous Visean deposits with
increased oil viscosity from 5 to 100 mPa-s and high permeability of reservoirs (> 0.5 pm?). For both types of reservoirs,
areas have been selected that are promising for the implementation of PPG technology.

Keywords: water cut in production wells; injectivity profile; injection wells; superabsorbent; preformed particle
polymer gel; permeability; injection pressure
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Introduction. At a late stage of oil field exploitation, waterflooding of reservoirs results in for-
mation of washed-out zones through which the injected water seeps. Consequently, production wells
are prematurely watered out, while a part of residual recoverable oil reserves (ROR) from less per-
meable zones do not participate in the displacement process and remain undeveloped. This problem
is most pronounced in oil deposits with highly heterogenour permeability and increased oil viscosity.
It is especially urgent to reduce watercutting of well products in “old” oil and gas producing areas.
The possibility of extending the life of well stock for late-stage fields would help intensify production
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and increase the final oil recovery factor. Rational development of such fields should be supported
by tertiary enhanced oil recovery methods.

At present, the main method of increasing the efficiency of water injection in domestic fields is
the technology based on the use of polymer solutions. As field experience shows, in conditions of
high salinity of formation water the standard use of polyacrylamide (PAA) is ineffective. As polymers
can be adsorbed by rock surface and interact with metal ions in water (such as Na*, Ca?*), the rheo-
logical characteristics of the injected PAA solution change greatly during treatment. Study [1] shows
that due to adsorption of a part of the polymer dissolved in water by the formation rock, the polymer
does not enter the anterior part of the displacing water front and the mobility of the water phase does
not change significantly. As a result, the polymer front can significantly lag behind the front of oil
displacement by water.

In order to influence the reservoir injectivity profile in fields at the late stage of exploitation, the
world practice in recent years has been to use the technology of injecting a suspension of preformed
particle gel (PPG) into injection wells. After swelling, the polymer particles become elastic and there-
fore can penetrate into highly permeable watered intervals, bypassing the bottom-hole zone (BHZ) to
the remote formation zone (RFZ), and forming a polymer “plug” [2-4].

Problem statement. Russian experience in the application of technology based on preformed
polymer gels mostly consists in testing the compounds produced abroad. Among the domestic de-
velopments, one should mention Temposcreen reagent based on water-soluble PAA cross-linked by
ionizing irradiation and requires dedicated expensive equipment to be produced [5-7]. There is also a
limited experience in the application of water-swelling AK-639 polymer, which swells at a temperature
of 70 °C, and Ritin polymer gel, at oil fields [8-10].

For Perm Krai, applicability of the aforementioned polymers is limited by their low absorption
capacity at low reservoir temperatures (20-35 °C) and increased formation water salinity (more than
200 g/). In such geological conditions the absorption capacity of preformed particle gels tends to
decrease, as particles remain rigid, which significantly reduces their ability to penetrate the RFZ.
This process is explained by the Flory — Huggins theory, stating that in the presence of cations in
aqueous medium, a double electric layer formed by negatively charged functional groups of the polymer
and metal cations is formed on the surface of the polymer particle [11]. The described phenomenon
leads to a decrease in the mobility of polymer chains in the pellet and, as a result, to a significant
decrease in the absorption capacity.

Study [1] describes the experience of injection of preformed polymer systems at the Kalamkas
field (Kazakhstan) and a number of fields in Perm Krai. In general, the geological and technical per-
formance of PPG technology in wells of YulC formation of the Kalamkas field was 80 %. At the
same time, the maximum technological efficiency was achieved in the zone of paleochannels (91 %),
which in addition to increased density of oil reserves are characterized by the highest velocities of
injected water. For Perm Krai fields, the analysis of waterflooding experience using standard poly-
acrylamide has shown low efficiency, as there is almost no residual resistance factor for water injected
following the margin. Study [1] makes a conclusion on promising application of PPG technology at
oil facilities of Perm Krai and recommends to carry out research work to adapt the properties of
synthesized polymers for the geological and physical conditions of this territory.

Generalization of international research experience in application of preformed particle gels in
the oil industry is made in review papers [12-14]. Notably, the industrial experience of PPG technol-
ogy application abroad is much more extensive. Preformed particle gels have been developed and tested
for selective blocking of reservoir interlayers with permeability more than 0.5 pm? [15-17], along with
microgels which aim at conformance control in wells with lower permeability of intervals treated
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with gel (up to 0.5 pm?) [18, 19]. Microgels are obtained by inverse emulsion synthesis; there are
varieties of microgels that are water-swellable microspheres [20, 21], thermosensitive microgels with
two types of cross-linking (stable and unstable) [22], pH-sensitive microgels [18] etc. The PPG tech-
nology has been tested at fields in China, USA, Canada, etc., where it is considered an effective
method of conformity control of the displacement front of oil reservoirs with water cut from 50 to
95 %. Based on the analysis of scientific publications, we can summarize the experience of technology
implementation.

Figure 1 shows the basic scheme of PPG reagent injection [23], which involves preparing a sus-
pension using produced water in a tank with an agitator. PPG suspension is pumped alternately with
water. The recommended concentration of the reagent ranges from 2000 to 3500 mg/l, the volume
of suspension for one treatment varies from 2500 to 4300 m? on average. The required weight of
PPG powder for treatment is 5-15 tons.

The advantage of using preformed particle polymer gels is low cost of the polymer, minimal
expenditures on equipment for preparation of the suspension for injection into the well, as well as
stability of its visco-elastic characteristics in reservoir conditions.

The PPG technology [24] was applied in a wide range of reservoir temperatures from 45 to
110 °C. Formation water with different salinity (up to 150 g/l and higher) was used for treatments.
The gel was synthesized on the basis of polyacrylamide with addition of N,N’-methylene-bisacryla-
mide crosslinker. The absorption capacity of the obtained gel can vary from 10 to 200 g/g depending
on the crosslinker concentration and formation water salinity.

The analysis of foreign experience shows that during treatment the volume of injected PPG sus-
pension per well is 2000-4500 m3, the weight of dry PPG powder is from 5 to 15 tons of reagent.
Duration of PPG treatment can be from 1.5 to 6 months. PPG technology application results in the
following effects: increase of oil flow rate up to 10 tons per day; treatment effect of 120-250 tons per
each ton of PPG powder (in dry form); reduction of water cut of production wells from 5 to 10 %.
The technological effect from PPG treatment can last up to 12 months [25-27].

Methodology. The possibilities of PPG technology application are considered for the geological
and technological conditions of the VVolga-Ural oil and gas province (OGP) where most oil fields are
at a late stage of operation. A typical example of prevalence of such mature fields is the territory of
Perm Krai, where product water cut exceeds 75 % in more than 50 % of wells. In such geological and
technological conditions there is a need for application of complex technologies aimed at conformity
control and involvement of previously undeveloped reserves.

Formation conditions of Perm Krai fields are characterized by low temperatures (20-35 °C),
which is generally typical for the Paleozoic sediments of the Volga-Ural Basin. Relatively high
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Fig.1. PPG reagent injection scheme [23]
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mineralization of formation water (200-230 g/l) is typical for Perm Krai. PPG reagents recom-
mended for the study area should be adapted to the conditions of low-temperature formations with
high formation water salinity.

Due to low temperature and increased salinity of formation water, the absorption capacity drops
significantly. That is why most imported PPG formulations are ineffective for the study area. The
authors have developed an original formulation of PPG gel cross-linked with imide functional groups
formed during synthesis between polyacrylamide chains [28]. Under the study conditions, the pro-
posed composition has an absorption capacity of 35-40 g/g, which is twice higher than the available
analogs. Optical microscopy has shown that the gel particles increase in size by 4-6 times during
swelling. Tests to determine the strength of gel particles showed that they are able to compress and
pass through holes 20 times smaller than the diameter of the swollen particle.

The authors have conducted filtration core tests of this reagent on carbonate fractured [29] and
terrigenous reservoirs of pore type [30]. Using the X-ray tomography method [31] it was established
that PPG suspension colmatizes fractures and highly permeable porous intervals of the core and pro-
motes redistribution of filtration flows into low-permeable channels.

PPG treatment is controlled by three main parameters: injection rate, suspension concentration,
and size of gel particles, which are determined, among other things, by permeability of the bottomhole
formation zone and injectivity of injection wells. If at the initial stage of treatment there is an increase
in pump outlet pressure, the first step is to reduce the injection rate and PPG concentration. The
parameters are adjusted during treatment so that the injection pressure does not exced 80 % of the
design rock fracture pressure.

The gel particle size is selected based on the void space characteristics, as well as gel character-
istics (strength, absorption capacity). The most common algorithm for treatment involves injection
of suspension starting with small PPG fractions, and if there is no change in injection pressure, in-
creasingly larger PPG fractions are injected.

A different treatment option is used to treat reservoirs that have been determined to have fully
flushed “superchannels”. In this case, injection starts with a larger PPG fraction to colmatize the
reservoirs, and then gradually shifts to PPG with a smaller particle size.

During injection, PPG gel particles can adhere to the rock surface and form a crust [32, 33], so
the necessary condition is the technological possibility to remove the reagent after treatment from the
bottomhole zone. In [34] core studies it is shown that swollen PPG particles in the presence of hydro-
chloric acid can give away from 60 to 85 % water. Dehydration of PPG particles leads to their mul-
tiple shrinking and, consequently, to the restoration of permeability and porosity of the core. Analysis
of the experience of the technology application shows that to restore BHZ injectivity, a breaker is
usually injected into the injection well after treatment [35, 36].

Both enzymes and oxidizing agents were considered for the development of breakers (destruc-
tors) that destroy the structure of preformed gel. Enzymes are capable of effecting polymer chains,
which leads to their breaking into shorter fragments of lower molecular weight. The use of enzymes
as breakers is limited by their effectiveness in small temperature and pH intervals, as well as by their
high cost. Therefore, it is more promising to use breakers that break polymer chains as a result of
redox processes.

Study [35] describes tests of PPG breakers based on such oxidizing agents as sodium hypo-
chlorite, calcium hypochlorite, and sodium persulfate, and concludes that the latter is more efficient.
With this in mind, the authors tested a breaker based on sodium persulfate as part of the testing of the
obtained reagent. During the research PPG particles were kept in model formation water (minerali-
zation 200 g/l) up to the equilibrium absorption capacity, after which a 20 g gel sample was placed

58
This is an open access article under the CC BY 4.0 license



EDN CNCFIW Journal of Mining Institute. 2024. Vol. 265. P. 55-64 [
© Sergei V. Galkin, Yuliya A. Rozhkova, 2024

;

in the breaker solution. After 24 hours, the polymer was separated from the breaker solution by fil-
tration. The fractions of dissolved polymer were calculated from the polymer mass values before and
after interaction with the breaker. The test showed that 85 % of the PPG gel dissolved during inter-
action with the breaker within one day, which can be considered a satisfactory result.

One of the main conditions determining the final efficiency of the technology application is
the correct choice of the development system section, including the injection and associated pro-
duction wells. The necessary requirement for the injection well is its high injectivity factor. For
successful introduction of the technology in the implementation area, the formation has to have a
pronounced heterogeneity in terms of permeability (k) from 10-3 um? to single digits. There should
be a stable hydrodynamic connection between the injection and production wells, which is most reli-
ably substantiated by tracer studies.

Having summarized the analysis of experience of PPG technology implementation, we can for-
mulate the following geological and technological conditions for selecting sites promising in terms
of its effective application. Economic feasibility should be justified by the presence of sufficient re-
sidual recoverable oil reserves, which oil and gas producing companies currently estimate based on
3D digital geological and technological models. The site of technology implementation should be
characterized by water cut of production wells more than 50 % and high injectivity of injection wells
[13]. In this case, based on the methods of hydrodynamic studies of wells, well interference testing
and tracing of labeled substances, stable hydrodynamic connection between the injection well and the
neighboring producing wells should be established. Examples of evaluation of interference of pro-
duction and injection wells based on complex analysis of hydrodynamic studies of wells, methods of
hydraulic listening and tracing of labeled substances are given in [36].

Effective application of PPG technology also requires high anisotropy of reservoir permeability
both in height and in area. With this in mind, this technology can be effective for both fractured
reservoirs and pore-type reservoirs with highly heterogeneous geological structure. For deposits
with pronounced macrofracturing, the purpose of PPG is colmatization of washed-out large
fractures. In Perm Krai, this type is mainly confined to carbonate reservoirs of Tournaisian-
Famennian age (T, Fm) [37]. An example is the deposit of reservoir T of the Opalikhinskoe field,
which is characterized by high-viscosity oil (u = 82 mPa-s) and reduced reservoir matrix permeability
(k = 0.061 pm?). In this production facility with the current reserve recovery n = 46.8 %, more than
60 % of wells work with water cut of more than 50 %, which testifies to the expediency of application
of tertiary methods of oil recovery.

An area of the deposit with increased density
of oil reserves and water cut of all producing
wells exceeding 50 % was selected as a promis-
ing area for implementation of PPG technology
(Fig.2).

The choice of this area for implementation of
a production trial is based, among other things, on
the fact that it is well studied: apart from standard
logging, hydrodynamic studies have shown high
permeability of the reservoir (k > 0.5 um?). At the
same time, its injection wells N 423, 433, 439 Fig.2. Example of a fractured reservoir development site.
have a characteristic bend on the pressure drop Facility T. Opalikhinskoe oil field

1, 2 — current withdrawals, tons per day (1 — water flow rate,

curves (Fig.3), which is interpreted as presence 2 — oil flow rate); 3 — injectivity, m¥/day; 4 — outer oil bearing contour;
. . 5-9 — density of reserves, t/m? (5 —0.03-0.17; 6 —0.17-0.32;
of fracturing in Warren — Root model [38, 39]. 7-0.32-0.46; 8 — 0.46-0.61; 9 — 0.61-0.75); 10 — PPG area
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According to efficiency calculations, the average fracture openness over the thickness of the perfo-
ration interval ranges from 30 to 50 um. The effect of PPG technology application should be col-
matization of the most open cracks, and taking into account the change in particle size after swell-
ing, the minimum size of PPG particles can be estimated at 250 um.
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In a pore type of reservoir, the advanced
waterflooding of wells is more pronounced in
deposits with increased oil viscosity. Figure 4
shows examples of dependence of well
product watercut on oil reserves recovery
[40] for pore type reservoirs in different
ranges of reservoir oil viscosity.

At u <2 mPass only after recovery of
n > 75 % reserves, the wells start to quickly
become waterflooded. At low p, the oil dis-
placement front is uniform over the entire
reservoir thickness, and water cut does not
exceed 45 % during the main development
period. Starting from p > 5 mPa-s, the water
cut exceeds 50 % as early as at 40 % recov-
ery. Thus, deposits with increased oil viscos-
ity (u>5 mPa-s) in highly permeable pore
reservoirs (k>0.5 pm?) are promising for
PPG realization. The analysis of Perm Krai
deposits shows that deposits of this type pre-
dominantly belong to terrigenous Visean
strata (Tl, Bb, MI — 41 facilities) of the plat-
form part of Perm Krai. It should be noted
that focal areas with k > 0.5 um? might be
present in deposits with lower average per-
meability, which may also become targets
for PPG application.

The TI-Bb reservoir of the Shagirtsko-
Gozhanskoe field (i = 38 mPa-s, k = 1.2 um?,
n = 60.9 %) can be considered a promising
pore-type facility for PPG technology. In
this production facility as a whole, in pre-
sence of sufficient ROR, the stock of pro-
ducing wells operates with water cut of
more than 80 % (Fig.5).

According to foreign practice, it is rec-
ommended to select candidate wells for in-
jection of PPG reagents by calculating the Pl
(pressure index), which is plotted on a pres-
sure drop curve with values taken at intervals
of 5-10 min when the injection well is shut
down for 90 min [14, 23, 41]. An index is
calculated from the graph of pressure
change over time
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Fig.3. Pressure drop curves for injection wells
N 423 (a), 433 (b), 439 (c)
1 — pressure drop curve measurements;
2 — interpretation by Warren — Root model
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where P(t) is pressure change over time when
the injection well is shut down; T is well shut-
down time.

According to [14], injection wells with
lower Pl values deviating from the average
value for the site by more than 5 MPa can be
considered the first-priority candidates for PPG
injection. According to the data of short-term
measurements of efficiency (Fig.6) with partic-
ipation of the authors, in [42] calculations of PI
were carried out, according to which for wells
N 370 — Pl = 83.5 MPa; 1113 — Pl = 104.8;
1128 - P1 =113.8; 1133 - P1 = 78.9.

Thus, the considered development element
is characterized by a high degree of heteroge-
neity (Pl range of about 35 MPa) and can be
recommended for selective isolation of highly
permeable intervals. The lowest Pl index was
recorded for injection wells N 370 and 1133,
which have a sharp downward trend of effi-
ciency (Fig.6). Taking this into account, wells
370 and 1133 are prioritized for reagent injec-
tion when implementing PPG technology.

Conclusion. On the basis of the analysis of
international experience of PPG technology ap-
plication and research conducted for low-tem-
perature oil deposits of Perm Krai, the authors
have developed a composition cross-linked
with imide functional groups formed during
synthesis between poly-acrylamide chains This
PPG reagent has an absorption capacity of
35-40 g/g, which is twice as high as available
analogs. The effectiveness of colmatization of
fractures and highly permeable porous inter-
vals by the developed compound with redistri-
bution of filtration flows into low-permeable
channels is confirmed by the results of core fil-
tration trials.

Optical microscopy studies have shown
that swollen gel particles increase in size by
4-6 times. Tests to determine the strength of the
gel particles show that they are able to compress
and pass through holes 20 times smaller than
the diameter of the swollen particle.
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Fig.5. Example of a pore reservoir development site.
TI-Bb facilities. Shagirtsko-Gozhanskoe field

1, 2 — current withdrawals, tons per day (1 — water flow rate,

2 — oil flow rate); 3 — injectivity, m®/day; 4 — inner oil bearing contour;
5 — outer oil bearing contour; 6-10 — density of reserves, t/m?
(6-1.23-3.97; 7-3.97-6.71; 8 — 6.71-9.44; 9 — 9.44-12.18;
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Fig.6. Pressure drop curves of injection wells
N 370; 1113; 1128; 1133 for PI calculation

61
This is an open access article under the CC BY 4.0 license



‘= Journal of Mining Institute. 2024. Vol. 265. P. 55-64 EDN CNCFIW
© Sergei V. Galkin, Yuliya A. Rozhkova, 2024

Two main areas of PPG technology application have been identified for high-water-cut oil pro-
duction facilities in Perm Krai: in carbonate reservoirs with established fracturing and in terrigenous
reservoirs with high heterogeneity of geological structure. For carbonate deposits, the effect of PPG
technology application should consist in colmatization of the most open fractures. At one of the pro-
duction facilities, based on the data of hydrodynamic studies of wells, the injection section with the
established fracture openness of about 30-50 um was identified, where injection of the reagent is
recommended. Minimal size of PPG particles during treatment is estimated at 250 um.

In terrigenous reservoirs, PPG technology is most effective for oil deposits with viscosity more
than 5 mPa-s and permeability more than 0.5 um?. The PI index was calculated for this type of reser-
voir when selecting injection wells for PPG injection using the pressure drop curve. It was found that
the considered element of development is characterized by a high degree of heterogeneity (PI range
of about 35 MPa). As a result of calculations, the wells with a sharp downward trend of the pressure
drop curve were recommended for injection of the reagent.

The research has included trials of different types of breakers for PPG, with the conclusion that
sodium persulfate is the most effective one. The experiments showed that 85 % of the PPG gel dis-
solved when interacting with sodium persulfate within one day.

Thus, as a result of the conducted research, a complex of necessary measures for effective appli-
cation of PPG technology has been determined. The principal scheme of reagent injection was de-
fined, effective scenarios of sequential injection of PPG particles of different sizes were established
for various geological and technological conditions. Potentially promising areas of PPG implemen-
tation with fractured carbonate and pore terrigenous types of reservoirs were identified. The con-
ducted studies allow singling out promising operational sites for implementation of preformed parti-
cle gel injection technology that could increase the period of profitable operation and ultimate oil
recovery factor in mature fields in the long run.
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Abstract. Percentage of high-rank coal with low content of ash, moisture, and sulfur in total coal production output is
low. Most of the produced coal has a low quality (lignite, bituminous coal: long-flame and fiery). Under increasing
requirements for ecological cleanness of coal, the efficient use of coal products is only possible after improvement of
their processing properties. The authors discuss the enhancement of flotation efficiency of low-rank coal using the
mechanism of physisorption of a collecting agent in particle — bubble attachment. It is explained why the yield of
concentrate with low ash content increases as a result of combination of collectors having different physical properties.
It is shown that the surface activity of a heteropolar agent relative to the gas — liquid interface and the adsorption density
of the agent govern its collecting properties. Based on the recovery — surface activity relationship, the correlation is
found between the collecting activity of a chemical compound and the structure of its molecules. The combination of
the collectors with different surface activity enables adjusting collectability and selectivity of the blend. The physisorp-
tion mechanism of collectors can be a framework for developing recommendations on modification of concentrate yield
and ash content, and on selection of optimized ratios of surface activities of miscible collectors relative to the gas —
liquid interface.

Keywords: flotation; coal; concentrate yield; ash content; agent surface activity; extraction selectivity

Acknowledgment. The study was supported by the Russian Science Foundation, Grant N 22-27-00084.

Received: 17.05.2022 Accepted: 03.04.2023 Online: 01.09.2023 Published: 29.02.2024

Introduction. The electric power sector in Russia in recent decades features a steady trend to-
ward a decline in the quality of coal as a consequence of the growing scale of its gross production.
Low-rank coals used in power generation in Russia differ drastically by composition and qualities
which govern efficiency of coals in terms of energy, ecology, and economy. Ash content of low-rank
fuel exceeds 40 %. It is unlikely that the quality of coal can improve in the future as it is planned to
increase production of power-station coals by open-pit mining of lower rank coal deposits.

In Russia run-of-mine coal is mostly used in industrial power generation. The use of low-rank
coals features lower combustion heat and higher fuel consumption [1]. Combustion of low-rank coal
slack involves increased emission of toxic pollutants, as well as elevated cost of transportation and
storage of much ash and slag. The long-term development program approved by the Russian Govern-
ment for the coal industry in Russia up to 2030 requires improvement of energy efficiency and industrial
and ecological safety. It is only possible to make low-rank coal a high-rank fuel by beneficiation. Flo-
tation is an efficient way of dressing coal slag and upgrading quality of low-rank coal.

Flotation of low-rank coal slag consumes much more conventional collectors. The process se-
lectivity drops as conventional collectors fed at increased consumption are adsorbed at ash [2-5]. To
increase coal recovery and decrease ash content of concentrate, a combination of collectors is com-
monly used. For instance, a mixture of residual fuel oil containing long-chain hydrocarbons with
kerosene substantially improved flotation of oxidized coal [6, 7]. The use of mixed dodecane and
4-dodecylphenol allowed increasing extraction of lignite [8]. The higher yield of concentration can
be explained by the increased hydrophobicity of coal as a result of sorption of 4-dodecylphenol
preferably at oxidized hydrophilic surfaces, while dodecane adsorbed at hydrophobic surfaces.
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Supposedly, higher hydrophobicity of low-rank coal enhances selectivity of its recovery. To this
effect, the surface tension of a main collector is reduced by addition of surfactants. Many researchers
think that its finer emulsification occurs and allows better spreading and flattening of microdrops
attached to coal [9, 10]. It is also possible that an apolar collector spreads over a heteropolar collector
attached to oxidized areas of coal [11-13].

It is stated in [14] that reagents containing apolar compounds, which are more akin to aromatic
components of coal of medium and high metamorphic degree and are capable of fixing on the coal
surface in a droplet form rather than in molecular form at the coal surface, are more effective. It is
also believed that a physisorbed collector should attach as microdrops [15].

Insoluble collectors find application not only in coal flotation. The use of insoluble hydroxamic
acid (AERO 6493) added with aliphatic alcohols Ce-C13 allowed improving the efficiency of apatite
ore concentration. A single flotation stage produced a concentrate with a P2Os content of 31 % and
the recovery of 95 %, while the flotation feed only contained 5 % P2Os [16, 17]. High selectivity of
extraction of apatite ore was explained by spreading of a microdrop of the insoluble complex collector
over the mineral surface [18]. Flotation of phosphate from nepheline ore using fat acids and surface-
active oxyethylated isotridecanol produced in a single process stage a high-quality concentrate con-
taining 31 % P»Os at the recovery of 95 % [19].

Allyl ethers of xanthates are the best selective agents amongst sulfide collectors. These agents
are therefore insoluble in water and are usually fed in the cycle of milling. For making a target
mineral hydrophobic, xanthate is fed in the cycle of flotation. A small consumption of xanthate,
insufficient to extract the target mineral, ensures hydrophobization, which is sufficient for the target
mineral and insufficient for the waste rock minerals. For this reason, insoluble allyl ether of xan-
thate attaches mostly to hydrophobizated sites of the target mineral, which provides high selectivity
of flotation [20].

This study aims to examine the influence exerted by the structure and composition of molecules
of a collector on its collectability, and to analyze the effect of the physisorption mechanism of a single
or mixed-type collector on coal recovery and concentrate quality.

Methods. The study used the available experimental materials on the influence exerted by the
structure and composition of molecules of a collector on its flotation activity and selectivity. To this
effect, the flotation activity of various collecting agents was correlated with the structure of their
molecules. Then, transition from the structure and composition of the collector molecules to the col-
lector activity in flotation was carried out using the physisorption mechanism of a collector [21]. The
analysis of coal recovery in concentrate in correlation with the ash content of coal also used the phy-
sisorption mechanism.

First, the role of physisorption in the particle — bubble attachment was determined. The rupture
of a water film between a particle and an air bubble involves formation of a local meniscus with an
advancing contact angle 6. To dry the surface of the coal particle facing the bubble, it is necessary
to fulfill the inequality

Ggs —Og <O\ oSO, (1)
where osc is the surface tension at the solid — gas interface; os. is the surface tension at the solid —

liquid interface; oLc is the surface tension at the liquid — gas interface.
Inequality (1) holds true when the contacting angle 04, formed after the water film rupture,

reaches the value of the dynamic receding angle 0%, which is a characteristic of wettability of a target

mineral to be extracted [22]. The value of 07 describes possibility of widening a local dry spot formed
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on the coal surface after the water film rupture. The value of 07 depends on the mineral surface
hydrophobicity, and on its chemical and geometrical heterogeneity. The time of the transition
0, —07, i.e. from the angle formed at the moment of the water film rupture to the angle 07, is

governed by the spreading rate of a physisorbed collector and by the physisorption ability to capture
water from the film.

The surface tension gradient of physisorbed surfactants at particles and bubbles defines the
spreading rate of physisorbed collector on the water film surface. The surface tension gradient
decomposes into two cofactors: G = (dc/0C) (0Clox). Here, dc/0C characterizes the surface ac-
tivity of long-chain (oxyhydryl, sulfhydryl, cation) collectors, and 0C/ox describes the concen-
tration gradient (AC) in the direction of the film movement. The concentration gradient is governed
by the consumption of a collector and by the difference between the adsorption densities of the
collector physisorption at the particle and at the air bubble. In this manner, the spreading rate is
proportional to the surface activity of a physisorbed collector and to the difference of the phy-
sisorbed collector concentrations at the particle and at the bubble at the moment of the water film
rupture between them:

v~k aC, )
oC

where K is the constant of proportionality.

It follows from relation (2) that spreading rate increases with the higher surface activity of
derivatives of a collecting agent and the greater its sorption on the extracted mineral with a
simultaneous decrease on the bubble [22]. In flotation machines, the gas environment undergoes
continuous refresh, and the surface concentration at the bubble may be assumed as zero for this
reason. A high rate of spreading of a collector over the gas — liquid interface and the high rate
of removal of water from the film interlayer reduces the induction time which unambiguously
defines floatability. According to [23], the time of water removal from the film interlayer is the
dominant factor in the mechanism of the particle — bubble attachment. Experiments have proved
the connection between the time of induction and the combustible matter extraction in concen-
trate [24].

Connection of ash content and extractability of coal from the analysis of physisorption mecha-
nism. In flotation, it is possible to improve the quality of a concentrate by using a weaker collector or
by reducing the collector consumption [14, 22]. Let us discuss the way of increasing the flotation
selectivity by changing consumption of a collector while maintaining its surface activity (do/0C
const). An apolar collector at a smaller consumption will exhibit attachment in the form of drops
predominantly to higher rank coal particles. The local rupture of the water film will take place at the
physisorbed collector attachment site, i.e. at higher quality coal. A small consumption of a collector
means no physisorption at ash particles and reduced adsorption at lower rank coal particles. As fol-
lows from equation (2), the low concentration of a collector will decrease AC, and will extend the

transition time 6a — 07 and the time of induction, which will reduce the content of ash in the con-

centrate.

An increased consumption of an apolar collector will increase its adsorption density at higher
rank coal, but the sorption on oxidized coal will also increase. Due to the increased adsorption of the
collector at coal and owing to its zero adsorption at air bubbles, AC will grow together with the higher
recovery of all coal components. If its consumption is increased more, the apolar collector attachment
at lower rank coal will grow, the latter will get in the concentrate, and the flotation froth will contain
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much ash. An increase in consumption of dodecane from 1 to 4 kg/t increased coal extraction, but at
the same time at a dodecane consumption of more than 3 kg/t, the ash content of concentrate increased
(Fig.1) [2].

Flotation of low-rank coal uses heteropolar collectors, for example, carboxylic acids. They in-
crease recovery of combustibles by minimum 30 % compared to alkanes at the same consumption of
the collectors (Fig.1) [2]. Increasing consumption of carboxylic acids can increase the concentrate
yield. An increase in consumption of octenoic and dodecanoic acids improved the yield of the com-
bustible matter but also substantially increased the ash content of the concentrate (Fig.1). This effect
is especially noticeable in case of surface-active acids having a high rate of spreading over the gas —
liquid interface (Fig.2).

A physically sorbable agent attaches preferably to hydrophobic surfaces and is a selective col-
lector. It is effective at the gas — liquid interface irrespective of the coal surface condition and is not
selective relative to target particles in this regard. Nonselectivity of physisorption grows with the
increasing rate of a physisorbed collector spreading over water surface.

Palmitic acid has a low spreading rate (Fig.2) [25]. Its physisorption (molecules) has no material
effect on the rate of water removal from the film and on the time of induction. For this reason,
extraction embraces only hydrophobic particles with a sufficient value of AC, which explains the
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Fig.1. Flotation of coal with apolar collector and carboxylic acids:
a — recovery of combustible matter; b — ash content of concentrate [2]
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lowest content of ash in the concentrate among all 100

test acids (see Fig.1, b). The low spreading rate and 1
the long induction time result in the decreased re- & &0 ' N 2
covery of the combustible matter (see Fig.1, a). § 60l
Octenoic acid, which has the maximal <
spreading rate (0C/ox and AC have optimal va- ;% 40 +
lues), offered the maximal extraction of the com- 3
bustible matter and, because of nonselectivity of & 20|
its physisorption, the high content of ash in the 0
concentrate. Fig.3. Coll At bility of carboxylic acid bD
Let us consider an approach to stimulating se- O s o Ty doonaroo ahatr T o oroen
lectivity by changing the flotation activity of a col- A~ n-pentanoic acid; 'B,),:-octenoi? acid: C,[d(],dgcanoic acid:
lector at the preserved constant consumption (AC D~ tetradecanolc acid; 1. - extraction of comoustible matter

const). The influence of hydrocarbon chain length

(surface activity) of carboxylic acids on flotation performance was studied in [2]. The increase in the
number of carbon atoms in hydrocarbon chain of an acid enhanced extraction of the combustible
matter from 72 % in case of pentanoic acid and to 84 % in case of octenoic acid (Fig.3). The higher
collecting ability results from the higher surface activity do/0C of acids with a longer hydrocarbon
chain containing 10-12 atoms of carbon, and from the required value of AC being achieved. Carboxylic
acids perform most actively in the neutral or weakly alkaline range of pH. For instance, oleinic acid
generates surface-active dimers which achieve the maximal concentration when pH ~8. These dimers
weaken the surface tension of the solution, generate the higher surface pressure at the moment of the
water film rupture and, accordingly, accelerate water removal from the film.

Flotation of gas and coking coals using a-olefins was tested in [26]. The maximal yield of the
concentrate was achieved with olefin containing 10 carbon atoms in hydrocarbon chain in case of
gas coal and with olefin with 12 carbon atoms in case of coking coal [21]. The maximal yield of
the concentrate was also obtained with a 12 carbon atoms chain in the radical [9]. Olefins with
hydrocarbon fragments C11 and C12 showed an increased extraction of coal by 2-2.5 % as compared
with alkanes [27]. As per the physisorption mechanism, an increase in extraction of a useful element
is connected with the higher surface activity 0c/0C and, as a consequence, with the higher spreading
rate of a surfactant over the gas — liquid interface (curve (2) in Fig.2), and with the sufficient value

of AC. The transition time 6a — 07 and the induction time become lower with surface-active acids.

Connection of molecule structure and composition with collectability and selectivity of collec-
tors. Alkanes contain no hydrophilic groups and have a low surface tension: it varies from 20.3 mN/m
for heptane to 25.35 mN/m for dodecane [28], which points at the higher surface pressure. However,
there is no interaction between molecules of alkanes with zero dipole moment and polar molecules
of water. For this reason, alkanes show no spreading over the gas — liquid interface [22]. The phy-
sisorption activity defined by the surface activity 0C/ox and by the spreading rate is low. An ad-
vantage of alkanes consists in their selective attachment at hydrophobic surfaces according to the rule
of polarity balancing between adjoining media. The strength of the physisorption attachment is not
of vital importance. After the water film rupture, a physisorbed collector goes to bubble surface.
When the content of mineral matters is low and the degree of oxidation is high, it is necessary to
select a collector with the increased donor — acceptor interaction in surface tension [29].

It is found that a monoalkylate collector containing 89-98 % of isoparaffins features high selec-
tivity [30]. The content of aromatic compounds and unsaturated hydrocarbons is less than 0.3 % and

69
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. Vol. 265. P. 65-77 EDN RJTNNI
2 O Sergei A. Kondratev, Tatyana A. Khamzina, 2024

1.1-1.7 %, respectively. Isoparaffins mostly represent branched compounds with non-zero dipole mo-
ment. High selectivity of such collectors is governed by the absence of hydrophilic groups.

Addition of a hydrophilic group into the collector molecule changes its interaction with water
molecules, its solubility, and spreading rate. As a hydrocarbon fragment of saturated acids gets
longer, their spreading rate lowers because of cohesion between molecules in the film (see Fig.2).
The maximal spreading rate is a feature of the short-chain acid, but at small concentrations, the low
molecular mass of the acids disables their adsorption at coal surface in a sufficient amount to ge-
nerate the required value of AC. The increased molecular mass of the acids above 144 g/mole ena-
bles sufficient adsorption at coal and the increased AC. With further increase in the molecular mass
and in the hydrocarbon chain length, the spreading rate of the acids over the gas — liquid interface
will decrease (see Fig.2). The decrease in the spreading rate will increase the transition time 6a —

—0F and induction time.

Initially, an increase in the surface activity (hydrocarbon chain length) to a certain value (oc-
tenoic and decanoic acids) leads to an increase in recovery (Fig.3). The further addition of atoms
affects adversely on the recovery of combustible matter in concentrate due to cohesion of acid mole-
cules and reduced spreading rate. The decrease in the spreading rate of acids over water surface weak-
ens the physisorption effect in spreading. The chemisorption effect remains unchanged. The ratio of
the chemisorption and physisorption effects grows; the quality of the concentrate improves accord-
ingly, which is observed in flotation with dodecanoic and tetradecanoic acids (Fig.3) [31].

The dipole moment of a collector molecule characterizes the collector interaction with water
molecules. For instance, in coal flotation with alkanes, alkenes and arenes (Table 1) [32], the rise
of the dipole moment correlates with the yield of the concentrate and with the recovery of the
combustible matter, while it has no correlation with the quality of the concentrate. The dipole
moment characterizes the spreading rate of a collector over the gas — liquid interface, i.e. the
physisorption activity.

Table 1
Performance of coal flotation with alkanes, alkenes and arenes
Collectors Yield, % Ash content, % Combustible matter recovery, % Dipole moment D
Alkanes 46.0 8.2 50.7 0 (octane)
Olefins 57.8 8.5 63.7 0.25 (octene)
Arenes 76.2 8.7 83.3 0.58 (ethyl benzene)

The experimental results [2, 25, 31] imply: the increase of the surface activity and spreading rate
over water surface in physisorption raises the ash content of concentrates.

A way of enhancing extraction of the combustible matter at the good quality of a concentrate is
a combination of collectors having different values of do/0C. The flotation performance with alkane
(dodecane) and ionic and anionic (oleinic acid) collectors is compared in [33]. Figure 4 depicts the
combustible matter extraction and the concentrate ash content versus the collector consumption. The
extraction with dodecane is comparatively low because of the weak surface activity of the latter re-
lative to the gas — liquid interface. The collector spreading at the said interface takes place not due to
interaction with water molecules but due to gravity. The increase in the consumption of dodecane
only slightly enhances the yield of the concentrate as a consequence of the grown value of AC (Fig.4).
The ash content of the concentrate lowers owing to the selective attachment of the apolar collector to
the hydrophobic areas of coal surface and due to zero spreading of the collector over water surface.
In case of oleinic acid, extraction is much higher thanks to the higher value of 06/0C. The spreading
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Fig.4. Performance of low-rank coal flotation versus consumption of a collector:
a — extraction of combustible matter; » — ash content of concentrate [33]
1 - dodecane; 2 — oleinic acid; 3 — oleinic acid + dodecane

rate of oleinic acid over water surface is more than 20 cm/s. The concentrate quality is low and the
ash content is much higher than in flotation with dodecane as molecules of the acid are sensitive to
oil and water and the acid physisorption is unselective. And, as said earlier, the physisorption effect
is independent of the coal surface condition.

Selective extraction of low-rank coal Yozgat Ayridam was tested in flotation with kerosene,
weakly soluble emulsifier, and nonionic surfactant Flotigol CS [12]. The surfactants somewhat pro-
moted connection of the mixture with water molecules but supported no chemical interaction with
the surface of hydrophobic coal. At the same time, the cation-active and anion-active substances low-
ered the concentrate quality. The use of nonionic surfactants is described in [34, 35].

A combination of collectors at moderate acid consumption increased the yield of concentrate and
decreased its ash content (Fig.4). The reduced recovery of the combustible matter and the lower qua-
lity of the concentrate at the collector consumption higher than 3 kg/t results from the entry of low-
rank and impure coal in the froth product.

This example illustrates the fact that every collector performs its own function. Dodecane exhib-
its selective attachment in the form of drops to hydrophobic areas of coal surface. Oleinic acid with
oil and water sensitive molecules is adsorbed by dodecane microdrops, i.e. at the oil — water interface,
and enhances the surface activity of the mixture. The surface tension of dodecane — oleinic acid equals
the acid surface tension [33]. This property of the mixture provides the wanted value of d6/0C and
the high spreading rate of the mix, i.e. the high extraction of the concentrate. Some acid molecules
get attached to oxidized coal and enclosed minerals, and form linkages with their functional groups.
In case of high acid consumptions, inorganic matters enter the concentrate. For dodecane and oleinic
acid, their ratio in the mixture of collectors was selected as 4:1. In coal flotation with diesel fuel and
oleinic acid, the maximal extraction of the combustible matter was reached at the collector ratio of
4:1 [36]. So, a heteropolar collector possessing high surface activity is adsorbed at the oil — water
interface and improves the surface activity of a mixture.

The analytical reasoning shows that selectivity of an agent is governed by the ratio of differ-
ent sorption mechanisms of the agent in removal of water from the film interlayer. An apolar
agent is selectively adsorbed at the hydrophobic surface, but has a low surface activity and ex-
hibits a low recovery. The heteropolar collector is attached at microdrops of an apolar collector,
makes the mixture surface-active relative to the gas — liquid interface and enhances extraction.
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Optimizing the ratio of the sorption mechanisms allows a compromise between the quality and
recovery in flotation [31, 37].

An increase in consumption of heteropolar frother Montanol 800 raised the ash content of the
concentrates as the frother started interacting with rock-forming minerals and enhanced the surface
activity do/0C of the frother and collector mixture [38]. The reduced extraction of the combustible
matter in the concentrate at the increased consumption of the collector (more than 2.2 kg/t) is probably
conditioned by the increased attachment of the collector at the target particles and by the decreased
surface tension of bubbles down to minimum after attachment of the first particles. As a result, the
surface tension gradient AC drops to a critical level when neither spreading of the agent nor removal
of water from the film interlayer takes place.

The method of flotation improvement by combining collectors with different values of 06/0C is
also effective in case of composing apolar and cation-active collectors. The tests of low-rank coal
floatability with diesel fuel combined with a cation-active collector of dodecyltrimethylammonium
bromide (DTAB) proved low extraction in case of individual collectors [39]. The combination of the
diesel fuel and cation-active collector at a ratio of 2:1 enabled the maximum yield of the concentrate
with a low ash content of ~11 % (Fig.5).

The lab-scale tests of low-rank coal determined petrography and mineral composition of the
combustible matter in the low-rank gas coal slack (Kuznetsk Coal Basin): ash content 45.10 %;
reflectance 0.58 %; vitrinite 58 %; leuptinite 3 %; semivitrinite 8 %; fusinite 27 %; carbon
73.8 %; hydrogen 6.3 %; nitrogen 2.8 %; oxygen 17.5 %; mineral impurities. Tables 2 and 3
describe the grain size composition, fractional makeup of the test coal and the methods of testing,
respectively.
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Fig.5. Flotation performance of low-rank coal versus consumption and ratio of collectors: a — recovery; b — ash content [39]
1-0:1;2-1:10;3-1:5;4-1:2,5-DTAB

Table 2
Grain size composition and fractional makeup of low-rank gas coal slack (Kuznetsk Coal Basin)
Size grades, mm Yield, % Ash content, % Fraction density, kg/m? Yield, % Ash content, %

Less than 1400 27.00 5.30

0.2-0.5 37.00 44.42 1400-1500 12.78 9.78
0.1-0.2 17.40 49.80 1500-1600 5.23 20.40
0.05-0.1 7.70 45.60 1600-1800 1.79 36.44
0-0.05 37.90 43.50 More than 1800 53.20 76.51
Total 100.00 45.10 Total 100.0 45.10
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Lab-scale testing of low-rank coal

Table 3

Test methods

Equipment

Coal slack petrology test in accordance with state standard GOST R 55662-2013 using SIAMS 620
analyzer in automatic mode.
Liebig method estimation of carbon and hydrogen in accordance with state standard GOST 32979-2014

Grain size distribution in accordance with state standard GOST 2093-82 using sieve analyzer MSA-W/D-200.
Wet screening at aperture sizes of 0.5; 0.2; 0.1 and 0.05 mm

Fractional makeup of coal slack in centrifuge cup in accordance with state standard GOST 4790-2017;
densities of 1300; 1400; 1500; 1600; 1800 kg/m?

Flotation tests on Mekhanobr machine 136A-FL-1, cell volume of 0.5 I, impeller speed 1500 rpm, constant
pulp temperature in a range of 19-20 °C.
Coal slack size not larger than 0.5 mm, solid content of 100 g/I.
Pre-flotation soaking of all test samples for 5 min and loading together with soak water in flotation machine.
Flotation time 10 min (complete flotation).
One-time feed of agents. Sampling of frother product (flotation concentrate) as bulk concentrate.
Flotation performance: flotation concentrate yield vc; flotation concentrate ash content A%; combustible
matter extraction Ecm; tailings ash content A%,

AY% = (m3— my)/(m2 — my),

where m1 — mass of roasted boat, g; m2 — mass of boat with coal sample, g; ms — mass of boat with post-
roasting residue, g;

Ecm=7¢(100 — A%)/(100 — A%p),
A%, — ash content of initial coal slack, %:;
A% = (100A%, — yeA%) s,
vt — flotation tailings, %

Group analysis of agents using mass-fragmentographic assay (selective ion detection) and software Mass
Spectrometry Data Handling System

Estimation of agent spreading rate in water-filled pan placed under high-speed camera EVERCAM
1000-16-C.
Video filming at resolution 1280x304 and speed of 3845 snap/s
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The flotation tests of gas coal slack in the framework of this study proved the trend (Table 4).
An apolar collector attaches more selectively to a hydrophobic surface, and a heteropolar collector
enables the mixture to interact with water molecules, spreads over water surface and reduces the time
of induction. Coal extraction to concentrate grew from 74.18 % in case of dodecane to 78.11 % in
case of a mixture of the mentioned collectors, and the ash content of the concentrate lowered from
20.34 to 20.09 %.

Table 4
Flotation of gas coal slack with apolar and heteropolar collectors, and with their combination
o, Concentrate Tailings Extraction of com-
Agents AgenF con- | Initial asl; con bustible matter to
sumption, g/t tent, % Yield, % Ash content, % Yield, % Ash content, % concentrate, %
Dodecane 300 45.10 51.12 20.34 48.88 70.99 74.18
2-octanol 300 45.10 36.72 22.49 63.28 58.22 51.84
Dodecane 210 45.10 53.66 20.09 46.34 74.06 78.11
2-octanol 90
Hexane 300 45.10 9.06 20.96 90.94 47.50 13.04
Nonane 300 45.10 42.74 21.23 57.26 62.92 61.32

Many studies attempt to enhance flotation performance by combining collectors with similar
surface properties. For example, the study into effect of benzene ring in hydrocarbon fragment of
the collector on flotation of coal used two surfactants — oxyethylated nonylphenol NPEO and oxy-
ethylated dodecyl ether C12EO [4]. The main apolar collector was kerosene. Pretreatment of coal
with NPEO and C2EO increased the extraction from 49.39 to 81.34 and to 83.96 %, respectively.
The quality of the concentrate was improved too. Extraction of higher rank coal was somewhat higher
with NPEO than with C12EO. In the listed agents, the oxyethyl groups are arranged similarly at the
beginning of the hydrocarbon fragment. The hydrocarbon chain of C12EO contains 12 carbon atoms.
The hydrocarbon chain of NPEO contains 9 atoms of carbon, but the benzene ring is at the beginning
of radical, and the surface activity of the ring is equal to 3.5 CHz-groups of the main unbranched
chain [40]. In this manner, the surface activities of these compounds are equal. Nearly similar extrac-
tion in case of these collectors is explained by coincidence of their 6c/0C and AC, i.e. by their equal
spreading rates as per (2).

Results and discussion. The comparative analysis has exhibited correlation between flotation
activity and molecular structure of different collectors. The physisorption mechanism in flotation
activity allows transition from the structure of molecules to their composition. The flotation activity
of an agent depends on the surface activity 0c/0C of the agent, on the difference of the agent adsorp-
tion density AC at particles and bubbles, and on the cohesion between molecules of the collecting
agent. These characteristics are defined by the structure and composition of hydrocarbon fragment.
The high flotation activity of collectors having 8-12 carbon atoms chains is explained by the optimal
values of do/0C and AC, and by the low cohesive forces. The double linkage and hydrocarbon radical
branching require more atoms of carbon in radical. Activity of many chemical compounds is either
known or found experimentally, which enables prediction of their collecting properties. The hydro-
philic group of a heteropolar collector governs its connection with water molecules, the value of
0o/oC, as well as the possibility to catch water and remove it from the film interlayer between coal
particle and gas bubble. Chemical compounds lacking the hydrophilic group have low collectability
because of zero interaction with water molecules.

It is possible to enhance selectivity of coal recovery by coal hydrophobization. This statement is
proved by selective attachment of alkanes, with their molecules free from the hydrophilic groups, to
the organic phase of coal (see Fig.1). Nonselective attachment of molecules of carboxylic acid worsens

74
This is an open access article under the CC BY 4.0 license



EDN RJTNNI Journal of Mining Institute. 2024. Vol. 265. P. 65-77 =%
© Sergei A. Kondratev, Tatyana A. Khamzina, 2024

the concentrate quality, but their surface activity do/0C defines the spreading rate of a mixture of
collectors and the velocity of water removal from the film interlayer between the objects of interaction
in accordance to (2).

Combining collectors with different physical properties allows to achieve the wanted performance
of concentrate yield and quality. An apolar collector at moderate consumption attaches selectively to
hydrophobic surface of coal in accordance with the rule of polarity balancing between adjoining media.
The spreading rate of such collector is relatively low, which explains its low collecting ability (see
Fig.1). A heteropolar collector possesses a high surface activity and velocity of water removal from the
film, which is reflective of its high collectability. At the same time, this collector exhibits attachment to
mineral impurities in coal, which explains the high resultant ash content of the concentrate (see Fig.1).
Adsorption of the heteropolar collector at the surface of the apolar collector at the oil — water interface
adds the high surface activity and collectability to the mixture. Thus, the surface activity of a physically
sorbable collector characterizes the recovery of the combustible matter, and the physically adsorbed
apolar collector largely influences the concentrate quality.

Selectivity of a collector is governed by the ratio of the activities of the heteropolar and apolar
compounds in the mixed-type collector relative to the gas — water surface, and by the ratio of their
consumptions. The physisorption activity is understood as the efficiency of the physically adsorbable
collector during its spreading, or as the thickness of its surface flow at the gas — water interface. The
increase in the surface activity of the physisorbed heteropolar collector increases the ratio of functions
performed by the heteropolar and apolar collectors in terms of removal of water from the film inter-
layer. The improved selectivity of a collector is achieved via changing the ratio of effects in water
removal from the film by chemical compounds with different surface activities. Optimization of both
ratios provides a compromise between the recovery and quality in flotation [37]. The illustration of
the recovery — quality relation in a concentrate of the combustible matter is provided (see Fig.3).

Conclusion. The analysis of the experimental data on the physisorption mechanism has revealed
the connection between the flotation activity of collectors and the structure and composition of their
molecules. The combination of an apolar collector, attached as the drops to a hydrophobic surface,
and a heteropolar collector, which adds up surface activity of the mix, enables a higher extraction of
coal to concentrate at low ash content. The apolar collector at a moderate consumption exhibits at-
tachment by the rule of polarity balancing of adjoining media and ensures selectivity of sorption,
while the heteropolar collector, which has a high surface activity, is adsorbed at the oil — water inter-
face and enhances recovery of the useful element.

Owing to the high surface activity, at the moment of rupture of a film between the coal particle
and air bubble, the surfactant mixture of the heteropolar and apolar collectors removes water from
the film, reduces the time of induction, and increases extraction of the combustible matter. The im-
proved recovery of coal in concentrate with low ash content is achieved by optimizing the ratio of
effects exerted on removing water from the film interlayer by the different sorption forms of an agent.
Such function optimization provides a compromise between the recovery and quality in flotation [37].
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Abstract. The task of sludge removal to the surface during construction of directional and horizontal wells and
strongly curved radial channels is relevant. For stable operation of technical system “Perfobore”, it is proposed
to use a circulating sub that ensures efficient cleaning of channel wellbore from the drilled rock. Two schemes
of technical system “Perfobore” are considered, consisting of two seven-meter coiled tubing, a positive displace-
ment motor, a bit and one circulating sub in the first scheme and two subs in the second scheme. For each of
the schemes CFD modeling was implemented to determine values of pressure and speed. It was found out that
the use of two circulating subs in the assembly is more efficient. In order to confirm the numerical experiment,
bench tests were carried out. It was determined that the designed circulating sub can eject up to 25 % of pumped
drilling fluid. The bench tests of full-size technical system “Perfobore” for drilling 14-meter channels with
two circulating subs showed that the axial load on positive displacement motor produced by hydraulic loader
was 3000 N and pressure drop depending on flow rate was 1.5-2.0 MPa. This allows the motor to operate
at maximum power.

Keywords: the “Perfobore” technical system; deep radial perforation channel; circulating sub; sludge removal;
wellbore cleaning; computational fluid dynamics modeling; sectional positive displacement motor
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Introduction. The technical system (TS) “Perfobore” for radial drilling of channels is designed
for deep perforation of the productive interval during completion of oil and gas wells or their worko-
ver. The system enables increased production rate of production wells, improved injectivity of injec-
tion wells and elimination of water-gas-oil cones contacts in the near-bottomhole zone through the
creation of a system of spiral-shaped perforation channels with a predictable trajectory. The use of
TS “Perfobore” enables to cut a “window” in production casing of different durability groups and
further perform drilling of branched channels with length over 21 m, with diameter from 58 to 69 mm
and radius of curvature from 3.5 to 17.5 m, and also control their trajectories by zenith and azimuth
angles, discretely changing the construction of technical system assembly in rig conditions. The tech-
nology enables multiple entries into an already drilled channel, e.g. for repairs or for geological and
technical measures.

The technical system “Perfobore” (Fig.1) is used during secondary drilling-in of productive ho-
rizons to guarantee the penetration beyond the near-bottomhole zone, contaminated by drilling mud
filtrate during primary drilling-in. The main elements of the drill string bottom are a bit/cutter,
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a special sectional positive displacement motor (PDM)
[1], a string of steel pipes with specified bending and
torsional rigidity and a hydraulic loader capable of
operating in damping or oscillator modes [2, 3]. A special
sub with orifice is usually installed above the “Per-
fobore” PDM to regulate the flow of drilling mud to the
PDM with a maximum flow rate of 2 I/s and a discharge
of some of the mud into the annular space.

The problem of sludge transport during directional
well construction and qualitative wellbore cleaning has
been widely discussed in Russian and foreign scientific
and technical literature. Thermohydraulic processes
during well drilling are studied in works of Russian
scientists: A.G.Avetisova, F.A.Akzamova, E.A.Akopova,

A.1.Bulatova, E.P.Varlamova, L.K.Gorshkova, Fig.1. Borehole bottom assembly TS “Perfobore”

M.A.Goldshtik, = N.A.Grigoryana, V.l.Isaeva, in a directional channel

A.G.Kalinina, V.V.Kafarova, B.B.Kudryashova, o nchor; 2 clutch; 3 - whipstocks 4 colled
ubing; 5 — hydraulic loader; 6 — cement stone;

E.G.Leonova, A.M.Lihushina, A.H.Mirzadzhanzade, 7 — pusher; 8 — casing; 9 — modular frames;

. 10 — overflow valve; 11 — tubing/coiled tubing;
M.R.Mavlyutova, N.I.Nikolaeva, V.S.Prokopenko, 12 — upward flow; 13 — drilled rock:
V.I.Ryabchenko, R.H.Sannikova, L.I.Sedova, 14— perforation channel; 15— productive formation;
16 — positive displacement motor; 17 — bit

N.L.Slyusareva, B.P.Ustimenko, R.I.Shishchenko,
V.1.Shchukina and others.

In the foreign literature, the most detailed consideration of sludge transport processes in small
diameter horizontal boreholes is given by H.Zhang [4], S.Sayindla [5, 6], O.Agwu [7] and B.Basah-
min [8]. The thesis [4] presents the results of both experimental investigations on a special test bench
and numerical simulation. In [5, 7] there is a comprehensive review of experimental, numerical
investigations of sludge settling velocity in drilling mud carried out by researchers during last decades.
The paper [8] gives a review of analytical and numerical models of wellbore cleaning in horizontal
and vertical wells. It also presents a numerical model of horizontal wellbore cleaning and a com-
parative analysis of sludge removal process in horizontal and vertical wells. Work [9] gives recom-
mendations for using Monte Carlo simulation method. The method was applied for the comparison
of simple probabilistic investigation of traditional models for well circulating in order to evaluate
quantitatively the level of certainty/uncertainty in the calculation procedure. Despite of the satisfactory
result for a particular type of well, the author describes in the conclusions that in the case of uncertain
input data there will be some degree of uncertainty in the well circulating optimization parameters.

The article [10] investigated the influence of different drilling process parameters on sludge removal
efficiency. Three most widely used models of sludge transport (Rudi-Shindu, Hopkins, Tobenna) have
been compared based on sensitivity analysis of drilling process parameters influencing sludge removal.
It has been found out that the considered models are not suitable for horizontal wells because they do not
take into account the wellbore cross-sectional profile. The work [11] proves the necessity to take into
account geomechanical processes taking place in near-well zone, technological and technical factors such
as vibrations and rotation of drill string, formation of grooves during assembly running, pressure pulsa-
tions when starting and stopping pumps, hydrostatic and hydrodynamic pressure of drilling mud, its for-
mulation and properties influencing the degree of well cleaning,

Works [12, 13] show the results of experimental investigations on estimation of sludge removal
efficiency for three types of drilling mud. The effect of three parameters: viscosity, flow velocity and
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zenith angle has been considered. It was found that the use of highly viscous drilling mud in turbulent
flow regimes increases the efficiency of sludge removal. However, increasing the viscosity in laminar
and transitional regimes gradually or drastically reduces the efficiency of sludge removal. As the
zenith angle increases from 60 to 90°, the efficiency of sludge removal increases. At the same time,
the paper [14] deals with wellbore cleaning in horizontal and directional wells during coiled tubing
drilling, and in particular the effect of the rotation of the drill string on it. It is shown that at average
speed of the drilling fluid flow in the annular space (0.56-0.69 m/s) the wellbore cleaning efficiency
increases by 68 %. However, at lower speed of the drilling fluid flow in the annular space and zenith
angles less than 60° the influence of drill string rotation is less significant. It is concluded that
the turbulent flow regime is not effective for cleaning horizontal wells. Similar results were obtained
by the authors of works [15, 16] on the experimental test bench, who demonstrated intense difficulty
of sludge removal to the surface at the critical well zenith angle 55°.

The article [17] provides a relatively simple and fast graphical method for determining the min-
imum sludge particles speed in the drilling mud for efficient wellbore cleaning. A distinctive feature
of the approach adopted in hydrodynamic modelling of sludge transport in works [18-20] is the use
of non-spherical sludge particles. It was noted that the most intensive deposition of sludge occurs at
the section of transition from inclined wellbore to vertical one. The works [21, 22] show the urgency
of studying sludge transport processes in connection with the development of technologies for con-
struction of wells with complicated profiles. Work [23] shows the results of numerical hydrodynamic
simulation of sludge transportation process in a horizontal well. It is established that when the density
of drilling mud increases by two times, sludge sedimentation decreases by 32.9 %, while drill string
stress and pressure loss increase by 4.59 and 5.97 %.

As can be seen from the review of works devoted to hydrodynamic processes during oil and gas
wells drilling, in investigation of sludge transportation process in small diameter wells and deep radial
perforation channels, despite the great number of publications in this area, the issues of scientific and
methodological support for open wellbore cleaning are still urgent. What is especially important —
there are no appropriate analytical solutions and calculation methods for practical application by en-
gineering and technological personnel of oilfield service companies.

Research setting. The main feature of sludge transportation to surface during radial perfo-
rating drilling with TS “Perfobore” is the necessity to take into account technical capabilities of
special sectional PDM of small diameter (43-49 mm), small gap in annular space of perforation
channel (7-10 mm) and low speed of upward flow of drilling mud inside the casing. Sludge par-
ticles have smaller size than ones in conventional drilling, because of very small diameter of the
abrasive-cutting drilling tool, significantly lower loads on the bit (2-6 kN) and high rotation rate
of the spindle in the small-size bottomhole motor (500-800 rpm) [1].

The circulating sub (CS) (Fig.2), due to an upward facing orifice with a special profile and in-
creased mud flow, acts as a hydro-ejector, accelerating the drilling mud flow up the annulus. At the
same time, the bottomhole pressure in the wellbore interval be-
low the sub decreases, which in combination with drill string
tension and activation of hydraulic loader operation in oscilla-
tor mode contributes to decreased probability of possible dif-
ferential sticking [24]. Periodic activation of this mode allows
improving circulating of horizontal channel section and
avoiding accumulation of sludge in annular space of the drilled
Fig.2. Circulating sub in sectional view channel. To clean the bit and effectively remove the drilled
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rock from the bottomhole (especially when drilling extended channels of small diameter) and its
subsequent removal to the surface, it is necessary to provide an upward flow speed exceeding the
drop speed of solid particles, which is calculated in transient and turbulent modes of particle flow
according to Rittinger’s formula.

The inability to rotate the coiled tubing (CT) in the channel during drilling with TS “Perfobore”
also significantly complicates the proper cleaning of the wellbore from the drilled sludge. This, in
turn, can lead to sludging [24, 25], risks of sticking [26] and reduction of commercial drilling
speed [27, 28]. The absence of drill string rotation does not give a reliable answer about the proper
cleaning of radial channel from the drilled rock [29, 30]. The problem of sludge removal in intervals
with zenith angles of 30-60° is also aggravated by the presence of a horizontal section in the drilled
channel, which remains relevant for traditional horizontal wellbore drilling [31, 32].

Methodology. Mathematical modelling of sludge removal. Let us consider hydrodynamic process
of sludge removal in annular space during drilling of a section for a setting of the zenith angle in a deep
radial perforation channel with TS “Perfobore”. The modern tendency in analyses of processes, occurring
during well drilling, is using of finite elements method, more exactly CFD modelling (Computational
Fluid Dynamics modeling). Engineers all over the world use many tools for CFD calculations; however,
the international long-term experience of using this type of software shows the superiority of the Ansys
CFX for this type of tasks [19, 33, 34].

Two types of schemes were used in the calculations (Fig.3). The installation locations and num-
ber of circulating subs were chosen according to the design features of the assemblies. Circulating
sub can be installed above PDM as well as between pipes transferring load from hydraulic loader
to PDM and bit.

The following inputs and assumptions are used in the calculation and are the same for both
calculation schemes:

* Channel length of 14 m is selected for accident-free passage of the motor with two skew angles;
curvature radius is 8 m; channel diameter is from 58 to 69 mm depending on the size of
the PDM used.

* Abrasive-cutting bit by “Perfobore” with diameter of 69 mm.

* Special small-size positive displacement motor with diameter of 49 mm and two sections of
working bodies with 9x10 pitch, curvature angles are 5° and a special spindle section.

* External circulating sub with diameter of 49 mm (4.2 mm internal orifice in the nozzle).

* Steel coiled tubing; outside diameter is 28 mm; wall thickness is 3 mm.

* In each scheme, the outer and inner roughness of the assemblies were assumed to be
Ra 6.3 pm; the roughness of the drilled channel walls in the carbonate reservoir is 3 mm.

* The length of the coiled tubing is
chosen for ease of assembly arrangement at
the wellhead, as the height of the derrick
does not allow the whole assembly to be
lowered and mounted on the scaffolding.

Values of boundary condition parame-
ters for schemes 1 and 2 of mathematical
model and numerical solution: inlet pres-

sure is 4.7 and 9.3 MPa; average sp eed of Fig.3. Schemes of borehole bottom assembly: scheme 1 with one CS in

liquid flow in channel 2.5 and 1.2 m/s; mass radial perforation channel (a); scheme 2 with two CS installed: one

C i e 2l . above the PDM, the other between the lower and upper pipe in the ra-
flow rate of liquid is 3-6 kg/s. The inlet dial perforation channel (b)

pressure 1s SPeCiﬁed as the pressure in the 1 — circulating sub; 2 — channel wall; 3 — coiled tubing; 4 — bit; 5 — PDM
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system varies depending on the channel length, density and
friction loss in the pipes. According to the basic provisions
of GOST 6134-2007 single phase flow (technical water)
in stationary formulation with density 998 kg/m’ is
considered.

Numerical investigations were carried out using
a system of Navier — Stokes equations averaged by
Reynolds (continuity and motion equations), a closed
k-g turbulence model (turbulent kinetic energy equation
and turbulent kinetic energy dissipation rate equation)
[35]. To solve the problem on the geometric model made
in the CAD system Kompas-3D, first of all a finite element

Fig.4. Bench testing of PDM operation mesh is generated.

Varying values of liquid mass flow rate from 3 to 6 kg/s
are determined by the fact that rated characteristics of special small size PDM, used for drilling of radial
channel without circulating sub, allow efficient operation at the flow rate of 2 kg/s [1], and installation of
circulating (bleeding) subs in borehole bottom assembly allows increasing the total mass flow rate up to
6 kg/s. As research [1] shows, it is not necessary to increase mass flow rate more than 6 kg/s, moreover,
it requires more expensive pumping units, which are difficult to find at remote fields [36].

Carrying out bench and field tests. In preparation for the bench test (Fig.4), the assemblies
were arranged: bit, PDM and CS, as well as the assembly without CS. Since the PDM are tested
at the factory before they are shipped to the customer, each motor has a known dependence of the
spindle shaft rotation frequency on different mass flow rates of this liquid. The motor was started
up on a “Perfobore” universal test bench at a rated flow rate of 2 I/s, then a value corresponding
to the factory tests was obtained using an AKIP-9202 laser tachometer to measure the rotation
frequency. Further, CS was installed into the assembly and the PDM was also started up with a

Fig.5. Bench tests of the assembly in configuration with one (a) and two (b) CS; operator workplace for controlling
and monitoring the test bench process (c); special blocks, manufactured according to API 19B standards,
for carrying out the test (d)
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gradual increase in flow rate at the pumping station SIN-46 until the shaft
rotation frequency began to correspond to the values obtained in the pre-
vious experiment.

The next stage of the bench tests was to analyze the performance of the
assembly with CS in the channel when drilling sand-cement blocks (Fig.5).
The dimensions of the blocks, their varying hardness and abrasivity, and their
arrangement with calculated spacing between them allowed, firstly, the sim-
ulation of rock interference and, secondly but most valuable, gave the ability
to control the trajectory and measure the drilling mud flow rate along the en-
tire length of the channel. For this purpose full-scale TS “Perfobore” was
assembled for drilling of 14-meter channels in special blocks, with two CS
installed in the assembly according to the scheme shown in Fig.3, . Mass
flow rate of drilling fluid was controlled in the range of 3-6 kg/s, axial 1oad  Fig 6. Photograph of the screen
on PDM produced by hydraulic loader was 3000 N, and pressure drop on of the intake tank with

. . the sludge from the bottomhole
PDM depending on flow rate was 1.5-2.0 MPa, which corresponds to rated of the channel
values at optimum power.

In order to model flow regime and evaluate reliability and efficiency of TS as a whole, the bench
is equipped with control and measuring instruments (CMI): pressure sensors DMP 330L, flow rate
meter, which is duplicated by the CMI of SIN-46 pumping unit, as well as axial load sensors (mesdose
with pressure transducer MPD-01VD and DVST type vibration sensors), working fluid temperature
is registered by Fluke pyrometer.

After successful completion of the bench tests, the equipment and technology were tested in wells.
The rate for set of channel curvature was 8-10° per meter of penetration, which corresponded to a curva-
ture radius of 7-9 m and ensured investigation of the whole range of channel zenith angle variation in the
intervals from 7 to 120-150° (where 7° is the initial angle of whipstock). Measurement of the trajectory
was performed by small-size autonomous inclinometers of the magnetometering “Kvartz-36” and gyro-
scopic TwinGyro. The presence of sludge in the channels drilled with different curvature was assessed
visually and by weighing it during drilling pauses when the special blocks were relocated (Fig.6)

Discussion of the results. Pressure and speed distributions are obtained after mathematical model-
ling and bench testing (see Table). Figure 7 shows visualization of modelling for design scheme with
one CS at 3 kg/s, the required values of speed and pressure are indicated by the marks.

Pressure and speed distribution during modelling in TS “Perfobore”

Pressure, MPa Speed, m/s
Mass flow Scheme 1 Scheme 2 Scheme 1 Scheme 2
rate
> At
kg/s Between | Above .. | Between | Above . || Between | Above .. | Between Above
CT PDM At the bit CT PDM At the bit CT PDM At the bit CT PDM Ebhl:
3 0.107 | 0.374 0.091 0.202 0.253 0.096 1.7 24 0.65 15 15 1.5
4 1.111 0.425 0.081 0.354 0.334 0.091 2.1 25 2.8 23 22 2
5 0.121 0.607 0.081 0.506 0.607 0.091 2.5 27 3.5 25 30 1.8
6 0.121 0.851 0.111 0.557 0.709 0.081 3.7 35 4.3 30 32 2.2

Analyzing the results of calculations, it can be concluded that the use of assemblies with two CS
is efficient, as the speed of fluid flow in problematic intervals is significantly higher in the space
between the coiled tubing and the channel walls. The results obtained are consistent with those
of [37, 38]. In order to confirm this hypothesis bench and then field tests were conducted. As a result
of bench tests at the first stage, it was determined that the developed CS can discharge up to 25 % of
drilling fluid.
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Fig.7. Visualization of fluid flow from CS (a) and bit (b) during drilling the channel

Conclusion. Experimental investigations have shown that the mathematical model correctly re-
produces the character of liquid motion in the channel and provides high correlation with the experi-
mental data. The mathematical modelling and bench tests allowed the authors to conduct pilot tests
with minimal risks, first of all for themselves and the created technology, and after their successful
completion to proceed to large-scale field works.

The results of calculations to ensure reliable circulating of the channel were verified during
bench and field tests at the wells of PAO ANK “Bashneft”, OO0 “Lukoil-Komi”, OAO “Nokratojl”,
PAO “Novatek”, OOO “Gazpromneft-Yamal” fields, PAO “Tatneft”, OOO ‘“Novatek-Tar-
kosaleneftegaz”, AO “NK “Neftisa”, JV OO0 Uz-Kor Gas Chemical (The Republic of Uzbekistan),
00O Sanoat Energetika Guruhi (The Republic of Uzbekistan), TOO KAZPETROL GROUP (The
Republic of Kazakhstan), Creative Oil & Gas Operation (USA). To ensure normal operation of TS
“Perfobore” and carry sludge to the surface, special assemblies with two CS were used, and at some
wells, a clay-free biopolymer drilling mud with special properties was used.
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Abstract. Physico-chemical aspects determine the efficiency and competitiveness of hydrogen production technologies.
The indicator of water consumption is especially relevant, since water is one of the main sources of hydrogen in
almost all methods of its production. The article analyzes comparative water consumption indicators for various
technologies based on published research and actual data from production plants. The volume of water
consumption depends on the quality of the source water, which should be taken into account when implementing
hydrogen projects in order to minimize the negative impact on the environment. Based on the operating industrial
plant, the material balance of hydrogen production by steam reforming was demonstrated, which made it possible
to determine the proportion of hydrogen (48.88 %) obtained from water. Currently, the carbon footprint indicator
is becoming more important, reflecting greenhouse gas emissions throughout the production chain. According to
the results of the total greenhouse gas emissions assessment for hydrogen production by steam reforming (about
10.03 kg CO2-eq/kg H2), the carbon footprint of hydrogen from water (4.2-4.5 kg COz-eq/kg H2) and hydrogen
from methane (15.4-15.7 kg CO2-eq/kg H2) has been determined. Consequently, almost half of the hydrogen
produced by steam reforming is produced from water, corresponds to the indicators of “low-carbon” hydrogen
and can be considered as “renewable” hydrogen. To make management decisions, an objective assessment in
terms of energy and water costs is necessary based on a system analysis by the development of hydrogen energy
and the growth of global hydrogen production. The impact of these indicators on the water cycle and global water
resources will increase.

Keywords: hydrogen production; low-carbon hydrogen; renewable hydrogen; carbon footprint; water consumption in
hydrogen production; material balance of hydrogen production
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Introduction. Currently, there are trends in expanding the field of hydrogen usage worldwide
(energy, transport, etc.), however, when planning new hydrogen projects, sufficient attention is often
not paid to the real indicators of water consumption. Water is one of the main sources of hydrogen in
almost all methods of its production. These methods differ in the method of obtaining and additional
sources of hydrogen (hydrocarbons, biomass, etc.).

Water is one of the key resources in energy production, where it is used as a coolant, refrigerant,
working fluid, and also in the extraction of fossil energy carriers. On the other hand, energy
consumption is necessary for the operation of water supply and sanitation systems, desalination, etc.
[1, 2]. In international practice, the term water-energy nexus is used to denote the relationship
between water use and energy [3, 4], the problem of equilibrium in this field remains relevant in the
conditions of decarbonization.
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According to the estimates of the International Energy Agency, energy costs here will more than
double by 2040*. The dependence between water and energy is particularly relevant for the hydrogen
economy considering the impact of increased hydrogen production (primarily from water) on water
resources and systems.

Hydrogen production is associated with the consumption of a significant amount of water, and
therefore the influence of this factor on the overall growth rate of low carbon footprint production is
important. Hydrogen production involves the mandatory use of water as a raw material and its
reduction to hydrogen using coal (coal gasification), methane (steam reforming, autothermal
reforming, partial oxidation), biomass (biomass gasification) and electricity (electrolysis) [5-8]. As a
result, up to 100 % of hydrogen is formed from the water. Water is the only source of hydrogen for
processes diametrically opposite in terms of carbon footprint, such as coal gasification and
electrolysis. Despite the dominance of hydrogen produced from natural gas in industry [9], hydrogen
production from water is gaining momentum; provided that renewable energy is used, it can result in
a relatively small carbon footprint [10, 11].

The main purpose of this study is to compare water consumption for various hydrogen
production methods, as well as determine the proportion of hydrogen produced from water during
steam reforming of natural gas, and estimate the carbon footprint of hydrogen from water and
methane based on data from the material balance of hydrogen production by steam reforming.

Comparison of water consumption for various hydrogen production technologies. The
assessment of hydrogen in terms of energy and water costs requires verification in terms of water
consumption. With the growth of hydrogen production, the factor of provision, consumption and
management of water resources will become more important. The initiator of hydrogen projects needs
a comprehensive interaction with the water sector in terms of evaluating the methods and
consequences of using water in the production of all types of hydrogen. A key success factor is the
formation of a sustainable approach to the choice of sources and methods of water utilization, as well
as reducing the overall water consumption for hydrogen projects [12]. The implementation of this
approach will eliminate the negative impact of hydrogen projects on communities experiencing water
scarcity, as well as prevent the aggravation of current water security problems.

An important factor is the requirements for water quality used in the production of hydrogen. At
all stages of water purification, losses and the formation of polluted effluents requiring purification are
possible [13]. The process of obtaining water of the required quality for electrolysis and steam
reforming can be associated with filtration, desalination and/or demineralization (depending on the type
and quality of available water sources). During the process of ultrafiltration water losses can reach
10 vol.%, and for reverse osmosis, they amount to 15-25 % for ordinary water, 20-30 % for wastewater,
35-40 % for seawater. Liquid effluents generated during the water treatment process should be disposed
of in order to minimize the negative impact on the environment. Their value can range from 7 % for
ultrafiltration to 21 % for reverse osmosis [14].

The research uses publications on this topic [15-17], as well as actual data from production plants
for steam reforming of natural gas.

When hydrogen is produced by the most common methane steam reforming method, the
stoichiometric indicator of water consumption is only 4.5 liters of H O per 1 kg of H [18]. It is
necessary to take into account the losses of steam and cooling water that occur during the steam
conversion process. Steam generation requires 7.35 liters of H>O, and 38 liters for cooling systems [19].
Taking into account the losses in these processes, the water consumption turns out to be significantly
higher and can reach from 5.85 to 13.2 liters [20]. The value is specified to the consumption of
demineralized (desalinated) water and its losses.

To determine the actual water consumption, it is necessary to take into account the amount of
waste generated during the water treatment process. This indicator depends on the quality of the
source or raw water (river, sea or water used in the extraction of methane). Taking into account the

* Introduction to the water-energy nexus. International Energy Agency, 26.10.2022. URL: https:/www.iea.org/articles/introduction-to-
the-water-energy-nexus (accessed 10.09.2023).
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listed additional indicators, the real value of water consumption in the production of hydrogen,
depending on the water source, may, according to various data, be 13-40 liters of H,O per 1 kg of H>
produced [21-22].

Water consumption indicators of alternative natural gas conversion technologies (partial
oxidation, autothermal reforming) may initially be lower. For autothermal reforming this value
approaches 7.4 liters of H>O per 1 kg of H> produced [23]. The full use of the carbon-containing feed
potential to achieve maximum hydrogen yield requires a water-gas shift reaction between carbon
monoxide and water steam, i.e. an additional amount of water steam consumption. The actual water
consumption in hydrogen production by these methods will be comparable, and in some cases even
higher than the same indicator for the steam reforming process”.

Thus, when obtaining “low-carbon” hydrogen (with CO, capture), the actual consumption
increases by 85 %** [24] and, taking into account CO» capture, steam compression and water cooling
can be 18-44 liters of H,O per 1 kg of H, produced [21].

For coal based hydrogen production, the actual water consumption can be 30-70 liters of H>O
per 1 kg of H> produced for hard coal and 25-60 liters of H>O per 1 kg of H> produced for lignite coal
due to its higher humidity. It takes about 12 liters of water directly to carry out the reaction [25, 26].

For steam conversion of biogas, the stoichiometric indicator of water consumption is equal to
the same indicator of the steam conversion process of natural gas (4.5 liters of H2O per 1 kg of Hy).
However, taking into account the heat losses for removing CO. from biogas before reforming, the
actual water consumption may be 15-40 liters of H>O per 1 kg of H» produced [27]. The biogas
production itself is very water-intensive in addition [28].

The stoichiometric indicator of water consumption for the water electrolysis process is 9 liters
of H2O per 1 kg of Hz, which is twice as high as the same indicator for the steam conversion of natural
gas. Additional factors affecting the water consumption indicators of the water electrolysis process
should also be indicated, which are often omitted or not fully taken into account when conducting a
feasibility study of projects [29, 30]:

» water cooling of electrolyzers — the one of the key reasons for the decrease in the efficiency of
electrode battery during the service life (8-10 years) is additional heating, and therefore the cooling load
on the electrolyzer during operation can increase by 40-70 %. The effect of this factor on the water
consumption index is 30-40 liters of H>O per 1 kg of Hy *** [31];

* water cooling of related equipment, such as compressors to compress hydrogen to the pressure
required for storage/application;

* purification of the source (raw) water — depending on the quality of the source water, the
amount of waste (effluents) of the purification process can be 20-40 %;

» wastewater disposal — an increased concentration of impurities in the composition of
wastewater in most cases prevents the discharge of these wastewater into the environment in its pure
form; additional purification or dilution may be required for wastewater disposal.

The actual water consumption for water electrolysis process, taking into account the listed
additional factors, may be 60-95 liters of H>O per 1 kg of H>. At the same time, 60-70 % of the total
amount of water consumed falls on the recharge of water cooling systems. The general scheme of the
water consumption in the process of water electrolysis process is shown in Figure™” [31].

The above water consumption indicators are possible when using relatively good quality fresh
water as a feedstock. For water with high salinity, seawater or industrial wastewater, raw water
consumption and the amount of process effluents may increase significantly [32].

* Green hydrogen production will have a negligible impact on global water use. Hydrogeninsight, 04.08.2023.
URL: https://www.hydrogeninsight.com/production/green-hydrogen-production-will-have-a-negligible-impact-on-global-water-use-
says-us-think-tank/2-1-1496489 (accessed 10.09.2023).

* Water Usage in Hydrogen or Ammonia Synthesis Scenarios. URL: https:/netl.doe.gov/research/Coal/energy-
systems/gasification/gasifipedia/water-use-sng (accessed 10.09.2023).

** Lee K. The Water Impact of Hydrogen. Understanding the effects of green hydrogen production. Sensus, 11.04.2023.
URL: https://blog.sensus.com/the-water-impact-of-hydrogen/ (accessed 10.09.2023).
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Water consumption in the process of water electrolysis
Table 1

Water consumption for various hydrogen production methods

Water consumption, liters of H,O per 1 kg of H,
Production method

Stoichiometric Actual
Steam methane reforming 4.5 15-40
Steam methane reforming + COz capture 4.5 18-44
Steam biogas reforming 4.5 20-45
Hard coal gasification Depending on C:H ratio and ~70
Lignite coal gasification on coal humidity ~60
Water electrolysis 9 60-95

Table 1 provides a summary of water consumption indicators for the production of various types
of hydrogen in accordance with the modern color classification.

An increase in hydrogen production can lead to an increase in water consumption in this segment
by 35-100 %. Taking into account the projected volume of hydrogen consumption (70 EJ), in
2050 the total volume of water consumption in the hydrogen production segment may amount
to 35-55 thousand tons per year, which is expected to create additional demand for water resources
and, as a result, increase the threat of violations of water security in a number of nations.

One of the key tasks of the hydrogen economy development is the ways optimizing for hydrogen
storage and the end user delivery. Currently, possible methods of hydrogen transportation, in addition
to liquefaction, are the liquid organic carriers (LOHC)* and the use of a chemically bound form (as
part of ammonia). The application of each of these methods is associated with an appropriate
technology involving the consumption of steam, demineralized and/or cooling water. Despite the fact
that water consumption is not a key indicator when choosing a method for storing and transporting
hydrogen, it should be taken into account when planning new hydrogen projects.

When developing measures to optimize water consumption in new hydrogen projects, a special
attention should be paid to reducing the consumption of make-up cooling water. This indicator is
dominant in the overall structure of water consumption and consists of losses for evaporative cooling
in cooling towers (~75 %), water cooling blowdown system (~15 %), as well as some additional
losses [33-35].

Water consumption for various ways of hydrogen production, depending on the quality
of the source water. In addition to optimizing water consumption, an important criterion for the
effectiveness of hydrogen projects is the type of water resources. There are three main types of
water resources for hydrogen projects: freshwater, seawater, and industrial wastewater. Using
fresh water is the least expensive, though not the best option, because in this case hydrogen

* Methylcyclohexane can act as a LOHC (Liquid Organic Hydrogen Carrier).
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production uses water resources, which could find a more effective use in other segments of the
economy and social sphere.

Hydrogen production plants are usually located in close proximity to other industrial enterprises
and settlements, which makes it possible to use significant amounts of industrial and domestic
wastewater. The use of wastewater is associated with an increase in treatment costs; however, it may
have advantages in terms of reducing the length of the water pipeline, transportation costs, as well as
the cost of source water [33-35].

The use of seawater 1s the only realistic source of water resources for most large-scale hydrogen
production facilities from water. At the same time, the total water consumption, depending on the
quality of the source water, may significantly exceed the analogous indicator when using fresh water
[14, 36, 37]. The process of seawater desalination is associated with an increase burden on the
environment, in connection with which the procedures for environmental assessment, obtaining
permits, approvals, etc. can significantly increase the time and investment costs for the
implementation of hydrogen projects. At the same time, energy costs for hydrogen production are
also increasing, since water purification is an energy-intensive technology [14].

The prospective energy consumption indicator of a desalination plant averages ~0.5 kWh per
1 kg of Hz, which is insignificant in comparison with ~50 kWh per 1 kg of H> required during
electrolysis, but in some cases it may be a significantly higher cost for the entire system — from 7 to
20 kWh [31]. The most common modern water desalination process is reverse osmosis, and thermal
desalination (distillation) is used on a significant scale (especially in the Middle East). Other
processes — direct osmosis, membrane purification, ion exchange, electrodialysis, etc. — are at various
stages of commercialization and applied research. The development and optimization of water
desalination technologies will have a fundamental impact on the efficiency of hydrogen projects in
the future.

In the Table 2 provides comparative estimates of the water consumption of hydrogen projects
using freshwater (the best option) and seawater (the worst option).” It should be noted that the water
consumption in obtaining hydrogen exclusively from fresh water turns out to be comparable to that
for the method with the highest carbon footprint (coal gasification) and with the lowest carbon
footprint (electrolysis using “green” electricity). Water consumption when using seawater is proving
to be record-breaking. It is assumed that when using industrial or domestic wastewater as a source,
water consumption indicators will be in the range between the values obtained for the best and worst
options.

Table 2
Water consumption for various hydrogen production methods
depending on the quality of the source water
Water consumption, liters of H,O per 1 kg of H,
Production method Freshwater, Seawater,
evaporative cooling evaporative cooling
Steam methane reforming 15-40 38-100, occasional up to 200
Steam methane reforming + CO, capture 18-44 45-100, occasional up to 220
Steam biogas reforming 20-45 50-113, occasional up to 225
Hard coal gasification ~70 175-350
Lignite coal gasification ~60 150-300
Water electrolysis 60-95 ,1 50-238,
occasional up to 475

* According to research of GHD Group (Australia). URL: https://www.ghd.com/en-us/insights/navigating-waters-role-in-the-
green-hydrogen-economy (accessed 10.09.2023).
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Estimation of the carbon footprint of hydrogen production by steam reforming of methane
based on the data of the material balance of the production plant. The production of hydrogen
from water is often classified as the production of “renewable” hydrogen through the circulation of
water, but water is also a source of hydrogen for the steam conversion of methane or hydrocarbons
mixtures, one of the main industrial methods for producing hydrogen currently in use. In the
framework of hydrogen production at existing industrial steam reforming plants, methane interacts
with water vapor in the presence of catalysts in two stages [8] according to the equations:

CHs + H2O — CO + 3H,, AH°298 = +206 kJ/mol (I);
CO + H,0 — CO; + Ha, AH°298 = — 41,2 kJ/mol (II).
Overall reaction:
CHs + 2H20 — COz + 4H,.

Considering the amount of hydrogen produced from methane and water, it can be noted that of
the total amount of hydrogen in four molecules, two of them belonged to water and two to methane,
1.e. the ratio according to the stoichiometric equation is 50/50. In the Table 3 presents data on the

material balance of hydrogen production at a
Table 3 real-life industrial plant. It can be seen that the

Initial data on the material balance yield of hydrogen from water, taking into

of hydrogen production by steam reforming account the estimated losses, was 48.88 %,

at an industrial plant which, taking into account possible errors, can

Consumption and share be considered confirmation that during the

Stream tah " steam conversion of methane, half of the
hydrogen produced base on water and for this

Feed . .
part of hydrogen the carbon footprint is

Natural gas 6.423 19.04 signiﬁcantly lower.

Desalinated water 27.304 80.96 Based on the data of the technological
Total 33.727 100 process, it was determined that the cost of
Output methane for the operation of the reformer is
Hydrogen 2.248 6.67 0.1814 MJ/mol Hy. It should be noted that the
Water steam 16 Atm. 15.503 45.97 heat of most natural gas steam reforming
Residual gas 15.356 (15.652) 45.53 processes is utilized for power generation.
Deaerator Air bag 0.171 0.50 When calculating greenhouse gas emissions
Other losses 0.449 1.33 from steam reforming of natural gas, it was
Total 33.727 100 determined that the water in the reaction itself

has zero CO» emissions-eq, the carbon dioxide
formed in the process itself belongs to methane, since it is formed in any case regardless of the
oxidizer. The calculation is based on the highest calorific value.

In the very process of steam reforming of natural gas, according to stoichiometry, 0.8721 mol
CO2/MJ H; is formed from methane. Accordingly, 38.3805 g of CO>/MJ H; is formed for overall
hydrogen. For carbon dioxide attribution to hydrogen from methane — 76.761 g CO»/MJ Ha,

For the reformer to work in the steam reforming of natural gas, it is necessary to ensure its heating
by external burner devices, which will be equivalent to 31.6463 g of CO2/MJ Ha, and it is part of
these emissions that can be attributed to hydrogen from water.

Thus, the total greenhouse gas emissions with uniform distribution will amount to 10.03 kg CO»-
eq/kg Ho. Under given conditions, within the framework of steam reforming of natural gas, the carbon
footprint of hydrogen from methane will amount to 15.4-15.7 kg COz-eq/kg Ha, and the carbon
footprint of hydrogen from water will amount to 4.2-4.5 kg CO»-eq/kg Ho.

Evaluating hydrogen in terms of energy and water costs requires a system analysis. The unilateral
practice of supporting only one group of technologies has a significant negative impact on the
implementation of scientifically based hydrogen projects [38, 39]. Technological neutrality makes it
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possible to determine the most optimal solutions in the field of hydrogen energy development based
on an interdisciplinary analysis.

Conclusion. The results of the comparative analysis carried out in this study show that water
consumption in the steam reforming hydrogen production is significantly lower than by electrolysis
hydrogen production.

Based on the data of the material balance of operating hydrogen production plant, it was revealed
that hydrogen produced by the traditional steam conversion method is almost 50 % “renewable” and
“low-carbon” in terms of the raw materials used — water and the carbon footprint index.

It should be noted that with the development of the hydrogen economy and the growth of global
hydrogen production from water, the influence of this segment on the water cycle and global water
resources will significantly increase.
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Abstract. The organization of intrafactory water circulation at mining and processing enterprises, when production
wastes and discharges are not sent to an external tailings dump, is an urgent environmental and economic task. Returning
even a part of water into the technological process after preliminary treatment will significantly reduce the volume of
polluted water discharged into tailings, which will reduce energy costs for waste transportation and the negative envi-
ronmental impact. One of the wastes sent to the tailings during the ore dressing wastes from the Kovdor deposit to the
tailings dump is the discharge of thickeners for the preparation of apatite flotation feed. In order to choose the effective
discharge cleaning regime, the authors have evaluated the action of polyacrylamide flocculants. It has been discovered
that the apatite and calcite particles interact more effectively with the anionic flocculant. This fact determines its ad-
vantage for the treatment of suspended particles. The influence of the residual concentration of a flocculant on the
apatite flotation, where a part of the returned treated water goes, has been assessed. Compared to flotation with recycled
water, there is a decrease of P20s extraction into apatite concentrate of equal quality. In order to obtain the required
enrichment indicators on the treated water, it is necessary to adjust the collector (tall oil fatty acids) and depressor
(liquid glass) costs.

Keywords: apatite flotation; the Kovdor deposit; internal water circulation; polyacrylamide flocculants; water
preparation
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Introduction. The development of the mining industry requires an active solution of the tasks
on improving environmental safety and reducing the negative environmental impact from dressing
enterprises. It is of great interest to involve various liquid dressing wastes into the technological pro-
cess after their preliminary preparation [1-3]. On the one hand, this reduces the demands of an enter-
prise for clean water, which is beneficial from an economic point of view; on the other hand, it reduces
the amount of polluted water discharged into the tailings [4].

The most promising object in terms of return to the process at the dressing plant is water from
thickening and filtration operations [5, 6]. However, rapid return of water into the technological pro-
cess, without its settling in the tailings dump, results in accumulating dissolved ions, suspended solids
and reagents used in previous operations [6-8]. Depending on the name of contaminants, acidic wastes
of hydrometallurgical production [9], ash dump effluents of thermal stations [10], and various
chemical reagents in the case of oxidative treatment [11, 12] can be used to treat wastewater from
a dressing plant.

Purification from fine mineral particles remaining in the discharges of thickeners involves the
use of coagulants or flocculants. As a rule, iron, aluminum and magnesium salts are used as coagu-
lants, the adsorption of which on the mineral surface results in neutralizing the surface charge [13].
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However, the use of inorganic electrolytes is undesirable if purified water is supposed to be used in
the flotation.

The use of organic reagents-flocculants is more preferable; their advantages include good solu-
bility in water, high efficiency at low dosage, and obtaining large, strong and stable flakes [14]. The
most popular are polyacrylamide reagents, which differ in charge sign, its density, and molecular
weight [15, 16]. Such reagents are used for recycled water treatment in bauxite flotation in alkaline
medium [17, 18], in the dissolved-air flotation technology to purify the recycled water of apatite
production from interfering impurities [19]. Studies on recycled water sludge from an iron ore dressing
plant have shown a high efficiency of an anionic polyacrylamide flocculant, which interacts with the
surface of particles due to the formation of hydrogen bonds [20].

The purpose of this study is to justify and select an efficient flocculant for treatment of the
liquid phase of the discharges of thickeners for the preparation of feed for apatite flotation. Treat-
ment of the discharge to the required purity (suspended solids content of 50 mg/l) will provide the
possible return of the purified water to the technological process of the Kovdor magnetite-apatite
ore beneficiation.

Materials and methods. The authors have analyzed Flopam polyacrylamide cationic
(FO-4700 SH) and anionic (AN-905 SH, AN-913 SH, AN-934 SH and AN-956 SH) flocculants dif-
fering in charge density, produced by SNF Company (see Table).

Characteristics of Flopam flocculants

Flocculant MOlecltJ/[lé{(;lgEIght’ Type Charr%%ﬁ((:,/(rjsny, Working range pH SOIU;_IZII]I,V(I:TDCSOSIW
AN-905 SH 11-135 Anionic 5 1-12 80
AN-913 SH 11.3-13.5 Anionic 13 0-13 160
AN-934 SH 13.6-16.8 Anionic 30 6-13 195
AN-956 SH 13.6-16.8 Anionic 50 6-13 200
FO-4700 SH 5.0-7.2 Cationic 70 1-10 180

The efficiency of flocculants in the treatment of suspended solids was evaluated by the periodic
sedimentation method. A calculated amount of 0.01 % flocculant solution was added to the mineral
suspension placed in a 1-liter cylinder. The suspension was stirred in equal conditions and left at rest.
When constructing concentration dependences, after a given period of time the volume of liquid
above a given (the same for all solutions) depth was taken from the cylinder. The lower boundary of
sampling was chosen according to results of preliminary evaluation and was located above the sedi-
ment compaction zone. The sampling time was 30 min and was determined based on the preliminary
assessment in accordance with the requirement for the water treatment degree. A 100 ml aliquot was
taken from the obtained volume of liquid with thorough stirring, for which the residual concentration
of suspended particles was determined by the gravimetric method. The aliquot of purified liquid was
placed in a tube previously weighed on an analytical scale and centrifuged for 30 min at 3,500 rpm
(EImi CM-6M centrifuge). After decanting the liquid, the solid residue was dried at 102 °C to constant
weight. The residual concentration of suspended particles with hydraulic fineness less than the set
size was determined after weighing.

The studies were carried out on a model suspension of magnetite-carbonate ore from the Kovdor
deposit and on the discharge of thickeners for the preparation of feed for apatite flotation at the dressing
plant of AO Kovdorsky GOK. To create the model suspension, the non-magnetic fraction of magnetite-
carbonate ore was ground to a size of —0.045 mm; the required density was created by adding recycled
water of the dressing plant. The content of solids in the model suspension was 13.7 g/l; suspended
particles content in samples of thickener’s discharge was 13-14 g¢/l, and particle size class of minus
0.045 mm — 98 %.
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The flocculants’ adsorption was assessed by using pure apatite with coarseness —0.03 mm.
A one-g mineral sample was mixed with a flocculant solution of a given concentration. After separa-
tion of solid material by centrifugation the residual concentration of the reagent was determined vis-
cometrically. For this purpose, concentration dependences of the relative viscosity of flocculant so-
lutions at the appropriate value (Sartorius PP-20 pH-meter) were preliminarily plotted. Viscosity was
measured by VPZh-2 viscosimeter with a capillary diameter of 0.56 mm.

The suspension effect was evaluated on pure minerals of apatite and calcite, crushed to —0.03 mm
particle size. The necessary amount of NaOH or HCI solutions was added to the mineral suspension
in distilled water in order to achieve the specified pH level; then the flocculant solution was kept in
a hermetically sealed container for 2 h. The suspension effect was defined as the difference between
pH values of the initial mineral suspension and its filtrate after a two-hour contact.

The flocculant influence on apatite flotation was estimated on the sample of non-magnetic frac-
tion of magnetite-apatite ore from the Kovdor deposit with 8.45 % P,Os. Flotation was carried out in
a laboratory flotation machine (Mekhanobr) in open cycle using the water, which was a flocculant-
purified thickener’s discharge for the preparation of feed for apatite flotation.

The flotation results were evaluated by the main technological indicators of the process: the
useful component content 8, the product yield y and the recovery of the determinable component «.
Extraction was calculated by the formula

e = (By)/a.

Discussion of results. Polyacrylamides are the most common flocculants used in the treatment
of polluted industrial wastewater and domestic water. A wide range of reagents with different molecular
weight, sign and magnitude of charge allows in each specific case to choose the optimal flocculant in
terms of composition and structure.

The peculiarities of the technological scheme for magnetite-apatite ore beneficiation determine
high requirements to the treatment from suspended water particles, involved in the intra-factory water
turnover. The solid phase of the discharge of apatite flotation feed thickeners consists mainly of fine
particles of apatite and carbonate minerals. To assess and describe the surface properties of the mineral,
causing its interaction with the reagents in the flotation process or in the thickening operations, the
value and sign of the electro-kinetic potential (&-potential) is commonly used [21, 22].

Analysis of available literature sources shows a wide range of data for both apatite [23, 24] and
calcite [25, 26]. The point of zero charge, at which the &-potential changes sign to negative, for apatite,
according to different authors, lies in the pH range from 1.0 to 8.7 [27, 28]; for calcite the curve
E-potential lies in the area of negative values almost over the entire pH range [29]. Thus, in the alka-
line area of pH > 9.0, corresponding to the pH of the flotation pulp, the surface of apatite and calcite
is negatively charged and interaction of cationic flocculants with it should be preferable.

This conclusion is confirmed by the evaluation results of cationic and anionic flocculants ad-
sorption on the apatite surface in the acidic and alkaline pH area. Measurements of adsorption were
carried out at pH = 9.5, which corresponds to the pH value of the discharge; at pH = 4 for the
FO-4700 reagent, and pH = 6 for the AN-956 reagent. Obtained dependences show that at fixing of
reagent on a surface of a mineral having an opposite charge, due to electrostatic interaction (Fig.1,
curves 1 and 2), the adsorption significantly exceeds the adsorption of the same flocculants at pH
when surface and reagent have the same sign (Fig.1, curves 3 and 4).

Obviously, the anionic reagent in the acidic pH area and the cationic reagent in the alkaline range
are in the ionized state. Mutual repulsion of similarly charged ionized groups promotes the unfolding
of polymer molecules, which is well traced in the curves of the viscosity dependence of flocculant
solutions on pH [30]. Thus, flocculant molecules are in the maximum unfolded state, favorable for
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the binding fine particles into floccule in the pH
range, when the surface of the mineral is simi-
larly charged. In this case, fixation of a poly-
meric molecule on mineral particles occurs due
to hydrogen bonds between oxygen and nitro-
gen atoms of the functional groups with OH-
groups on the surface [31].

Experiments on treatment of the discharges
of thickeners for the feed of apatite flotation have
demonstrated the high efficiency of anionic floc-
culants (Fig.2, a). The use of anionic AN-956
reagent results in a quicker sedimentation of par-
ticles (Fig.2, b). In the pH alkaline area the mole-
cules of the ionized anionic reagent are in the un-
folded state, which contributes to the formation
of larger floccules and more rapid release of
moisture from the resulting sediment, which
volume in the case of FO-4700 is 1.5-1.7 times
more than that of the anionic flocculant.

Note that the anionic flocculant retains its ef-
fectiveness in a fairly wide range of solid content
in the treated discharge, which is an important
factor, given the natural fluctuations in the charac-
teristics of the discharge incoming for treatment.
When varying the content of solids in the dis-
charge from 0.25 to 5.0 percent, the content of
suspended solids in wastewater treated with
AN-956 reagent did not exceed 50 mg/I: at 0.25 —
46.4; 0.5 — 39.1; 1.0 — 33.2; 1.25 — 41.5; 14 —
38.5;1.75-40.1; 2.5 -47.0; 5.0 — 50.0.

In order to confirm the mechanism of the in-
teraction of flocculants with the mineral surface
the authors evaluated the suspension effect —a pa-
rameter characterizing the acid-base properties of
the mineral surface.

It is known that the surface of salt-like mine-
rals, including apatite and calcite, is chemically
heterogeneous and is characterized by the pre-
sence of both basic and acidic centers.

H*, OH™ and COs% ions are potential-for-
ming with respect to the surface of apatite and cal-
cite in liquid medium, which allowed evaluating
the acid-base properties of apatite and calcite by
determining the isoionic point of the mineral and
its suspension effect. The value of the suspen-
sion effect is calculated as the difference be-
tween the pH of the initial mineral suspension
in water and the pH of the filtrate obtained after
separation of the solid phase. The pH change is
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caused by the specific adsorption of poten- 2
tial-forming ions, as a result of which the
surface of the mineral acquires a positive or 15

negative charge.

Studies of acid-base properties of apatite
[30, 32] and analysis of literature data [33, 34] 05
have shown a significant influence of ionic

T
composition of the liquid phase on the posi- < ©
tion of the isoionic point. Therefore, the sus-

. . . : -05
pension effect was measured using boiled dis-
tilled water without carbonate ions. Depen- -1
dences of the suspension effect of apatite and
calcite on pH are shown in Fig.3. The position 15
of the isoionic point (pHip = 9.0) of calcite P

in the alkaline area indicates the predomi-

nance of basic centers on its surface. The Fig.3. Suspension effect of apatite (1) and calcite (4) depending
apatite surface in distilled water is charac- on p'megé‘é"(‘zwg)hgﬁé aF”c‘)’_Z"Y'ghof('g,C‘é;"a“tS

terized by approximately equal number of

acid and basic centers, pHip = 6.7. In the al-

kaline area of pH > 9, the suspension effect for both minerals is positive, indicating hydroxide ions
binding, which results in a negative charge of the minerals on the surface. Increasing the electrolyte
concentration leads to compression of the double electric layer and a decrease in the value of the
suspension effect; these events are observed in pH > 8.5 area for apatite and pH > 9.5 for calcite.

Assessment of the apatite suspension effect in the presence of flocculants showed the increase
of the positive value of the suspension effect in the alkaline area and the shift of the isoionic point of
the minerals to a lower pH under the influence of anionic flocculant. The presence of the cationic
reagent demonstrates the opposite relation (Fig.3). Thus, the fixation of the anionic reagent on minerals
results in a greater binding of OH™ ions to the solid phase and decreases the number of basic centers
on the surface.

It is known that the polymeric compounds are able to sorb and bind counter-ions [35, 36], including
H* and OH". The increase in the value of the suspension effect of minerals in the case of the anionic
flocculant shows that the reagent molecule is ionized and fixed on the particle in unfolded conformation,
and functional groups are more available for interaction with ions of the solution compared to the
cationic reagent.

The ability of organic polymers to bind fine particles in large aggregates depends on the reagent
flow rate to a certain limit. At flocculant concentrations above a certain critical value, on the contrary,
they stabilize the suspension, which is manifested in a deterioration of the treatment process from
suspended solids. Therefore, the authors have analyzed anionic polyacrylamide flocculants, arranged
in a series decreasing the density of charge: AN-956 (high 50 %) > AN-934 (average 30 %) >
> AN-913 (low ~12 %) > AN-905 (very low ~5 %). The experiments were performed on the model
suspension with a solid content of 13.7 g/I.

The data in Fig.4 show that the reagents with high charge density are characterized by a higher
treatment degree, and this result is achieved at low flocculant flow rates. At the same time, these
reagents are more sensitive to higher flow rates; the flocculant concentration increase leads to lower
cleaning efficiency due to some dispersing effect. The reagents with a lower density of charge show
less efficiency in treatment of suspended solids.

An important component in determining the possible use of flocculants for water-preparation is
an assessment of their effect on flotation process. The apatite flotation tests were performed on a non-
magnetic fraction of magnetite-apatite ore with the following chemical composition, %: P2Os — 8.45;
CO2-9.65; MgO —18.80; SiO2— 25.67.
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Ore was crushed to a grain size of —-0.071 mm grade — 36.7 %, +0.16 mm grade — 19.2 %. Flota-
tion was carried out in an open cycle on the recycled water of the dressing plant and on the discharge
of thickeners, treated with flocculant AN-956 at a flow rate of 1 mg/l. After flocculant treatment and
settling for 30 min, the content of suspended solids in the thickener’s discharge was reduced from
13.5 g/l to 40 mg/I.

The flotation parameters were assessed depending on used water at pH = 9.5-9.6 and equal
reagents consumption (Na2COz — 500 g/t, liquid glass (LG) — 200 g/t, tall oil fatty acids (TOFA) —
150 g/t, lupromine — 120 g/t). When using water prepared with flocculant for flotation, the de-
sliming operation was not carried out because of rapid sedimentation of particles. In this case, all
fine particles contained in the crushed ore participated in flotation. In average, flotation on the
prepared water demonstrates a decrease of extraction into the concentrate of equal quality (37 %
P2Os) in comparison with the recycled water by 2.9 %. However, increase of TOFA collecting
agent consumption allows correcting indicators (Fig.5, a).

It is known, that LG added to flotation, on the one hand, plays a role of depressor, and on the
other hand, activates flotation at certain rates. The assessment of the impact on the flotation of apatite
of various flow rates of the LST was carried out (Fig.5, b). As a result, the conclusion was made, that
the increase of the liquid glass flow rate also allows receiving the indicators on water prepared with
flocculant, close to the indicators received at flotation on recycled water without flocculant.

Polyacrylamide flocculants are produced by various firms, both domestic and foreign. The re-
sults allow speaking about the undoubted advantage of anionic reagents for purifying such techno-
logical discharges, which can be used when choosing a product from another manufacturer. Thus, the
Russian company AlfakhimProm manufactures products that are similar in their characteristics to
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Fig.5. Extraction of P20Os to 37 % concentrate at flotation on different water,
depending on TOFA flow rate at pH = 9.6 (a) and LG at pH = 9.6 (b)

1 —recycled water; 2 — water treated with AN-956

the reagents of the SNF company considered in this study. Difloc 1065 and Difloc 1073 flocculants
are analogues of AN-934 and AN-956 reagents.

Conclusion. The interaction of cationic and anionic polyacrylamide flocculants with the surface
of apatite and calcite was evaluated. It has been revealed that in the alkaline area of pH~9.0-10.0,
typical for suspension of magnetite-apatite ore, the anionic polyacrylamide flocculant acts more effi-
ciently. Hydraulic particle size, which provides the required treatment degree to the residual concen-
tration of suspended solids of 40-50 mg/l, was 1.36-1.56 mm/s at the optimum flow rate of AN-956
SH reagent of 0.75-1 mg/I.

Assessment of the flocculant influence on the flotation process revealed a decrease of P.Os ex-
traction in apatite concentrate of equal quality. However, the adjustment of the TOFA collector and
LG depressor flow rates allows levelling the decrease in indicators when using prepared water.

The study shows the possibility of treatment of discharges of the thickeners of apatite flotation
feed with the use of anionic polyacrylamide flocculants and their return into the technological process.
This will significantly reduce the volume of polluted water currently discharged into the tailings
dump.
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Abstract. One of the techniques used in extracting gold in small-scale gold mining is mercury amalgamation.
However, the use of mercury presents significant health and environmental hazards, as well as suboptimal effi-
ciency in gold extraction. This study explores the possibility of the use of rice husk as a prototype adsorbent for
mercury removal from its leaching in mining environments. To support the analysis, the rice husk adsorbent was
characterized by Fourier-transform infrared spectroscopy, scanning electron microscopy, electron dispersive
X-ray spectroscopy, atomic absorption spectrophotometers and Brunauer — Emmett — Teller analysis. To inves-
tigate the removal of Hg from aqueous solutions, batch adsorption experiments were conducted, and the effi-
ciency was optimized under various parameters such as contact time, rice husk dosage, and initial concentration
of mercury. Kinetic and isotherm investigations were also carried out to gain a better understanding of the ad-
sorption properties. The kinetic adsorption was analyzed using the pseudo-first-order and pseudo-second-order.
Furthermore, the isotherm adsorption was analyzed using ten adsorption isotherm models (i.e., Langmuir, Freun-
dlich, Temkin, Dubinin — Radushkevich, Flory — Huggins, Fowler — Guggenheim, Hill — de Boer, Jovanovic,
Harkin — Jura, and Halsey). The amount of mercury absorption increased with increasing contact time, adsorbent
mass, and initial concentration of mercury. The pseudo-second-order kinetic model is the best model that can be
applied to describe the adsorption process. Analysis of the adsorption results obtained shows that the adsorption
pattern is explained through the formation of a monolayer without any lateral interaction between the adsorbate
and adsorbent. In addition, the formation of multilayers due to inhomogeneous pore distribution also occurs
which causes a pore filling mechanism. We found that the isotherm phenomena are near the Jovanovic models
with the maximum adsorption capacity) of rice husk found to be 107.299 mg/g. As a result, rice husk could be a
promising option for wastewater treatment due to its fast and efficient removal capacity, as well as its afforda-
bility and eco-friendliness. The predicted thermodynamic studies using the Flory — Huggins isotherm model show
that the adsorption process is endothermic, spontaneous, and physisorption. The impact shows that the utilization
of rice husk can be used and fit for the current issues in the sustainable development goals (SDGs).

Keywords: gold mining; rice husk; particle technology; mercury leaching; adsorption; SDGs
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Introduction. Community mining has been conducted throughout Indonesia for hundreds of
years and is currently experiencing a surge in activity. Indonesia is one of the world's top ten gold
producers (www.ceicdata.com/; www.gold.org/goldhub/data/historical-mine-production). It is home to
many artisanal and small-scale gold mining (ASGM) firms and operational facilities. ASGM is
defined by the Ministry of Environment and Forestry (KLHK) as gold mining undertaken by
individual miners or small firms with little capital and production. In Indonesia, there are two
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sorts of ASGM: those that are licensed and those that are not. The majority of ASGM activities
in Indonesia continue to operate illegally since they lack government authorization. Illegal ASGM
is detrimental to the state since they are unregistered, do not pay royalties, cannot be regulated,
and contribute to environmental damage and adverse health effects caused by mercury usage.

The majority of ASGMs in Indonesia extract gold using a traditional method involving amal-
gamation with mercury [1]. The mercury and gold precipitate form a mercury-gold amalgam,
which is then heated at high temperatures. Finally, the gold is extracted via evaporation by only
distilling 10-40 % of the contained gold [2]. Miners are often only able to extract a limited amount
of gold with high amounts of mercury (more than 1000 ton of mercury are released into the envi-
ronment every year) using conventional processing techniques [1], causing environmental and
health issues not just for the active miners involved in the processing, but also for the non-mining
neighboring communities. Hg emissions from the ASGM industry account for 37 % of all anthro-
pogenic Hg released into the environment, making ASGM the second most prominent source
of Hg pollution in Indonesia after coal burning [3, 4]. The pollution of groundwater with mercury
poses a severe hazard to humans, animals, and the ecosystem on a global scale. According
to the Environmental Protection Agency and the World Health Organization, the maximum
permitted limits for total mercury and CH3;Hg are 5.0 and 1.6 g/lkg per week, respectively.
In addition, Government Regulation of Indonesia N 82 of 2001 states that the amount of mercury
found in water is 0.001 ppm. This is backed by the Indonesian Ministry of Health no 907/Men-
kes/SK/VI1/2002, specifying that the highest concentration of permissible mercury is 0.001 mg/1.
Therefore, removing mercury from water that has been contaminated is of utmost significance,
and this issue requires further focus and consideration. The United Nations for Minamata Con-
vention on Mercury, signed by 128 nations in 2013, was one of the most significant acts against
Hg use. Its primary mission is to restrict and reduce the use of mercury, and finally eliminate
it by 2030.

Several chemical and physical processes have been applied for Hg removals from
wastewater, such as ion exchange [5], coagulation/coprecipitation [6], adsorption, reverse
osmosis, membrane separation, liquid-liquid extraction, precipitation, electrodeposition [7, 8].
However, from an engineering standpoint, the technique's cost and efficiency should be compro-
mised. Nonetheless, adsorption-based technologies can remove heavy metal ions due to their sim-
plicity, reusability of the adsorbent, environmental friendliness, ease of operation, and cost-ef-
fectiveness [9, 10].

Rice husk is the protective outer covering of rice grains. It is an abundant agricultural waste
of rice milling and has various uses and applications. A summary regarding the recent potential
application of rice husk and its modification is summarized in Table 1.

Some researchers have already investigated the potential of rice husk sorbents to remove
heavy metals from water [11-14]. However, the studies developed using a complex and expensive
method due to modifying the rice husk. Hence, this study used raw rice husk as a sorbent material
to determine rice husks' adsorption properties so that ASGM small-scale miners can use this
method directly in processing mercury waste from gold mining.

This work studied the ability of raw rice husk to remove Hg?" under various competing situ-
ations such as initial concentration, contact time, and dosage. In addition, to comprehend the
interactions between multiple sorbates and the effect of complexing ligands on the dynamics of
Hg, the efficacy of raw rice husk in removing Hg?" from wastewater was investigated using ad-
sorption kinetics and isotherm models. Then, experimental and theoretical research was con-
ducted to elucidate the mercury adsorption mechanism on rice husk and the removal capability
of this adsorbent.

105
This is an open access article under the CC BY 4.0 license



= Journal of Mining Institute. 2024. Vol. 265. P. 104-120 EDN BZVWDO
© Asep B. D. Nandiyanto, Willy C. Nugraha, Intan Yustia, Risti Ragadhita,
Meli Fiandini, Hanny Meirinawati, Diana R. Wulan, 2024
Table 1
Recent potential applications and modifications of rice husk
Material Application Modification Results Source
Rice husk, KOH, HCI, HNOs Heavy metals removal Pyrolysis; Adsorbent [11]
from the aqueous activated with KOH
phase
Rice husk, bamboo sawdust Heavy metals removal Carbonized at 400 °C Adsorbent [12]
from the aqueous for 2 h;
phase mixed with bamboo sawdust
ash (BSD-RHA)
Rice husk, Na2COs, NaOH, CH2Cl2, CH3NHz, Heavy metals removal Na2COs modified Adsorbent [13]
CH3;COOH, K2Cr207 from the aqueous
phase
Coal, rice husk, Pb (NO3)2, NaNOs, HNOs, Heavy metals removal Biofermentation Adsorbent [14]

NaOH

Rice husk, sodium hydroxide solid, tartaric
acid, distilled water

Rice husk ash, soil, bentonite clay

HNO3, H2SO4, and H2O2

Rice husk, polyester resin, methyl ethyl ketone
peroxide catalyst, palm fronds

Rice husk, potassium-di-hydrogen phosphate,
and potassium nitrate

NaOH, HCl, sodium aluminate, ethanol,
LiCl-H20, LaCl3-7H20 and CeCl3-7H20

Rice husk, wheat flour, soybean oil, water,
and dry yeast

Rice husk, NaOH — 98, HC1 — 37, KBr — 98,
Mg — 98, EtOH — 98, hydrofluoric acid — 40,
lithium hexafluorophosphate (LiPFs — 99),
ethylene carbonate — 99, diethyl carbonate — 99,
ethyl methyl carbonate — 98 wt.%; acetylene black,
polyacrylic acid, and n-methyl-2-pyrrolidone

Rice husk and KOH

Rice husk ash and cetyltrimethylammonium
bromide

Rice husk ash, HCI, Ethyl methanesulfonate
(EMS)
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from the aqueous
phase

Medium of Growth
Single Crystal

CaC4H4064H20
The ceramic mem-
brane in microbial

fuel cells

Hydrogen production

Filler and resin

Soil amendment

Carbon capture

Thermal insulation

Scavenger agent

Carbon-based
energy storage
¢nd conversion

devices

Photocatalyst
in the degradation
of methylene blue

Cement replacement

Pyrolysis;
filtrate of sodium silicate
was reacted with tartrate
acid (C4HsOs)

Rice husk ash is mixed with
soil

Ultrasound-assisted
inorganic treatment

Dried in the sun for 3 days;
rice husk mixed with palm
fronds ratio with:
90/10; 70/30; 50/50; 30/70

Microwave-assisted;
pyrolysis

Hydrothermal method;
impregnated zeolite

Carbonization;
fermentation

Calcination-KBr

Calcination
and chemical
activation-KOH

Sol-gel

Acid modification;
mixed with EMS

Metasilicate
gel

Ceramic
membrane

Catalyst

Composite
Based brake
pad

Adsorbent

Porous material
adsorbent nax
rare earth
La or Ce

Carbon foams

Silicon
nanoparticles

Graphene

Silica-Tin

nanotubes

Cement
mortar

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]
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End of Table 1

Material Application Modification Results Source
Rice husk ash, NaOH, HCl, ethanol, carbon Drug delivery Sol-gel Silica aerogel | [26]
dioxide, odorless kerosene, Span 80, Tween 80, microparticles
sodium dodecyl sulfate, and water
Rice husk Biofertilizer Batch anaerobic digestion Biogas and 27]

production digestates

Rice husk, amoxicillin trihydrate, Cerium(III) Antibiotic removal Hydrothermal method Ceo2@sio ad- 28]
nitrate, hexahydrate, Humic acid, sodium sorbent

dodecyl sulfate, and Diclofenac sodium

Rice husk, KOH, and NaOH Supercapacitor Chemical activation with Activated [29]
electrode dual activation agents carbons

Rice husk, HCI, HNOs, H2SO4, and H3POs Production of silica Acid leaching method Mesoporous [30]
silica and
the magnetic
mesoporous
silica

Methods. The materials in this study consisted of raw rice husk (obtained from Farm Shop,
Bandung, Indonesia), standard stock solution of mercury to prepare the mercury solution
(1000£2 mg/l, Merck (Germany)), nitric acid (EMSURE), and ultrapure water (18.2 MOm/cm,
Milli-Q system). In this study, all chemicals used were analytical reagent class.

Raw rice husk was prepared by saw-milled, and sieved to get the desired particle sizes
(Yayasan Bumi Publikasi Nusantara, Indonesia) with a hole size of 74, 125, 250, 500, 1000, and
2000 pum, and then preserved at room temperature. The rice husk is placed into a conventional
batch-type blade-milling apparatus. Typically, this milling apparatus includes a milling tube made
of SAN material with a diameter of 16.6 and a length of 13.5 cm, along with stainless steel blades
measuring 6 cm. The milling procedure was conducted at room temperature for 10 min.

Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer, manufactured by Thermo
Fisher Scientific Co., USA, was used to determine the functional groups on rice husk at wave-
length range 400-4000 cm™'. Additionally, a field emission scanning electron microscope
spectroscopy JSM-6360 was utilized to characterize the surface morphology of the adsorbent.
Then, the specific surface area and average pore size of the adsorbent were measured using the
Brunauer — Emmett — Teller (BET) method at a temperature of 77 K using Quantachrome NOVA
2200E, China. Finally, to utilize the chemical elements in the solution used the atomic absorption
Spectrophotometers Agilent 200 Series AA manufactured by Agilent Technologies.

Adsorption Procedure. To conduct the batch adsorption experiments, Hg(II) solutions were
prepared by using an analytical grade reagent (Hg(NO3)2) and using ultrapure water as the sol-
vent. The pH of the prepared solutions was adjusted using 0.05 M solutions of HNO3 to ensure
the presence of metal ions based on the pH-induced chemical speciation.

Various experimental tests were conducted to assess the effectiveness of rice husk in remov-
ing Hg from 100 ml aqueous solutions. To determine the most favorable adsorption condition,
several factors were investigated, such as contact time (ranging from 30 to 180 min), adsorbent
dose (0.02 to 0.2 g), and initial concentration (5 to 20 mg/l). Subsequently, the optimal values,
which yielded the highest percentage of removal, were obtained. Then, using the obtained opti-
mum values, kinetics, and isothermal tests were conducted using different contact times.
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The mixture solution was shaken at 200 rpm using a magnetic stirrer-SP88850105 manufactured
by Thermo Fisher Scientific. After adsorption, the solution was filtered using a 0.45 pm nylon mem-
brane filter to remove adsorbent that might interfere with mercury determination. The residual con-
centration of Hg(II) was determined at the end of each experiment using Agilent 200 Series
AA atomic absorption spectrophotometers (AAS). Then, the adsorption capacity and Hgemovas Were
calculated:

— (CO _Ct)V .
m 9

— (CO — Ce)

gremoval -

0, (1

-100 %, 2)
0

where Co and C. are the initial and residual concentrations of metal ions, mg/l; C; denotes

the analyte concentration at time ¢, mg/l; V' is the volume of solution used, I; m is the adsorbent

mass, g.

Kinetic Procedure. The kinetic parameters are necessary to anticipate the rate at which Hg(II)
is removed from aqueous solutions, to comprehend the adsorption mechanism, and to define the
step that determines the adsorption [31]. In this work, the data obtained from the effect of contact
time on the quantity of Hg(II) adsorbed at the surface ofrice husk were used in Lagergren pseudo-
first-order [32]

In(Q. - Q) = InQ, — kit,

and pseudo-second-order [31, 32] have been used

t 1 t
- = 3 +— ,
Qt k2Qe Qe
3304 1637 1029 673 where Q. is the adsorption capacity at equilibrium, mg

Hg/g rice husk; O is the adsorption capacity at time ¢;
mg Hg/g rice husk; ki is the rate constant of the Lager-
gren first-order kinetic model, min™'; ¢ is the time of
the experiment, min; k> is the rate constant of the
pseudo-second-order kinetic model, min .

Adsorption kinetics are typically thought to be
—_ MP/\ /\r o heavily dependent on the physicochemical qualities of
~OH -0 Si_OH the used substance (adsorbent) [18].

Results and discussion. FTIR analysis of the raw
rice husk is conducted after and before adsorption
(Fig.1). The band is located at 3282 cm! be attributed
to (—OH) related to the stretching of cellulose and lig-
\ ﬁ:\ nin of rice husk before the adsorption process [33-35].

_OH = Si-OH| Other peaks in the spectrum of rice husk before Hg?*
Si_O-Si adsorption, which is the band at around 2918 cm™,
—— T assigned to C-H in CH and C-H,, the bands
4000 3600 3200 2800 2400 2000 1600 1200 800 400  at 2160-1978.65 cm due to C=C group, and the band

Transmittace, %

Wavenumber, cm! around 1650.69-1514.86 cm™  attributed to the

Fig.1. FTIR spectroscopy of rice husk before C=0 (ester and carngyhg group from hen@cellulo Se)
and after adsorption and C=C aromatic ring from lignin, while

1 - after adsorption; 2 — before adsorption 1455.11-1330.89 cm™! contributed to —COOH [36].
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The sharp vibration peak around 1073.75 and 1032.02 cm! can be correlated to organic silicone
(Si—O-Si), while the peak of transmittance appears in the wave number area 788.75-557.36 cm’!
is a typical characteristic of amorphous silica (Si—OH) spectrum [35].

Upon analysis of the FTIR spectra after the adsorption of mercury (Fig.1), a discernible peak at
432.08 cm ! was observed. This peak can be attributed to the vibration of oxygen that is perpendicular
to the Si-O-Si planes [35]. In addition, rice husk spectra after the removal of Hg>* have revealed a
noticeable decrease in the wavelength peaks at 2160.82, 2034.84, 1978.65, and 1073.75 cm™! due to
the oxygenated functional groups. The outcomes obtained from the adsorbent materials produced
from agroindustry waste bear resemblance to those published in the literature [31-37]. Earlier research
has indicated that mercury compounds display characteristic FTIR signals at 3500, 1750, and 600 cm™!
[38]. In the case of the rice husk material, the band is noticed at 3500 cm™!, which corresponds to
the —OH and Hg interaction. These results are in line with Guo et al. [36] that phenolic hydroxyl
groups on the adsorbent surface undergo complexation reactions with Hg?".

In addition, the SEM image of the rice husk adsorbent is shown in Fig.2. The SEM analysis of
the surface of the adsorbent revealed an irregular layer of silica and natural resins in the rice husk
structure. The SEM image of rice husk before adsorption (Fig.2, a, b) reveals the presence of surface
pores, which serve as the ideal location for capturing Hg?" molecules from aqueous solutions [39].
Following the adsorption process, the SEM image of rice husk displays the successful capture of Hg>*
molecules within its surface pores (Fig.2, ¢, d). This was accomplished through a process of diffusion
and migration with Hg?* molecules moving from the aqueous solution to the rice husk surface and
eventually filling the available pores [40]. The physical adsorption of Hg>" at the surface of rice husk
was likely due to mechanical adhesion through electrostatic force, which is consistent with previous
research [39-41].

-
6= b
: c K series  50.36
2 0 Kseries  42.83
g Mg K series 1.95
| si Kseries  2.52
= || @ P K series 2.02
EE ‘Ca K series 0.32
. @ Total: 100.00
G_| 1 1 ] ] 1 1 1 I 1 ] 1 1 1 ] ] 1 1 1 UL LA |
Q ¥ o 15 ke’
.
S O S
- c Kseries  49.73
- 0 K series  36.20
I N i Si K series 3.81
B ‘Hg M series 0.27
Total: 100.00
: ol ;
C_. 1 1 1 1 1 1 l I? 'm 1 IHFI ] @ 1 1 1 (B8]
DI ‘ 'io :ls ke{f

Fig.2. SEM micrograph of rice hush before adsorption (@) and Hg-loaded-rice hush after adsorption (c);
EDX spectrum of rice hush before adsorption (b) and Hg-loaded-rice hush after adsorption (d)
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Figures 2, b, d display the EDX spectra of the rice husk. Figure 2, ¢ shows that the predominant
elements in the prepared rice husk are carbon and oxygen, indicating the presence of oxygen func-
tional groups on the carbon surface. Additionally, there are small quantities of silica, calcium, mag-
nesium, and phosphorus from the source. Nevertheless, following the occurrence of the adsorption
procedure (Fig.2, d), there was a decrease in the cations present in rice husk.

Also, the appearance of Hg peaks in the EDX was found, confirming that Hg fills the pore struc-
ture. This outcome suggests that an ion exchange mechanism might have taken place [36].

Nitrogen adsorption isotherms utilizing Quantachrome NOVA 2200E and the BET formalism
were employed to determine the isotherm shape, specific surface area, and pore volume of the adsor-
bent. The outcome of the nitrogen adsorption isotherm test displayed a Type IV pattern as classified
by IUPAC and H3 hysteresis (Fig.3, a). This suggests a mesoporous substance with a continuous
facile pore connection. Additionally, it has a limited multilayer structure that matches the complete
filling of the capillaries [42-45]. The BET-specific surface area of the adsorbent was 173.782 m?/g,
and the BJH pore distribution method showed a pore size diameter of about 1.714 nm and a pore
volume of about 0.307 cm®/g (Fig.3, b). These results outperformed previous studies [37, 46]. Our
findings demonstrate the outstanding quality of the adsorbent.

Adsorption study. Several factors were identified:

* Effect of contact time. To design effective batch adsorption experiments, it is crucial to assess
the impact of contact time required to reach equilibrium. Therefore, the effect of contact time on the
adsorption of Hg was studied at various adsorbent dosages within 30-180 min. The results indicated
that, at room temperature, the mercury concentrations in water decreased within the first 30 min
(Fig.4, a). The fast initial rates of adsorption are due to the presence of a significant number of binding
sites for adsorption at the beginning, followed by saturation and equilibrium [47]. In addition, the
presence of major functional groups such as oxygenated aromatic rings in the rice husk structure
confirmed by FTIR spectra images (see Fig.1) allows for Hg-n conjugation and stacking interactions
with Hg ions [48]. As shown by SEM images (see Fig.2), the presence of cellulose and lignin can
also play a role in the removal of heavy metal mercury [37]. The optimal contact time for Hg removal
was found to be around two hours for all rice husk dosages, as the percentage removal did not signif-
icantly increase beyond this duration. This information is depicted in Fig.4, a.

» Effect of adsorbent dosage. Typically, adsorbents have a limited number of active sites which
means that their dosage must be optimized. To treat a 100 ml aqueous solution with an initial con-
centration of 200 pg/l of mercury within 120 min under ambient conditions, various rice husk dosages
were evaluated. Figure 4, b shows that the percentage of Hg removal increased with increasing
adsorbent dosage, reaching 78.8 % at a dosage of 0.2 g. This is because the abundance of active sites
on the surface of the adsorbent increases with dosage, allowing it to bind more mercury [32, 37, 47,
48]. However, increasing the adsorbent dosage also decreased the amount of metal ions adsorbed due
to the reduced concentration of adsorbate in the solution. Thus, the driving force for the adsorption
process was also reduced. As a result, not all available adsorption sites can be occupied (unsaturated),
leading to a decrease in adsorption capacity [49, 50].

* Effect of Hg initial concentrations. In Fig.4, ¢, d, the impact of the initial concentrations of the
adsorbate (Hg) on the efficiency of the adsorption process using 0.05 g of rice husk is presented. The
study investigated the impact of different levels of Hg concentration on adsorption properties using a
mercury solution as a model for wastewater. The initial concentrations of the mercury solution were
set at 5, 10, and 20 mg/I1. This concentration is taken based on the actual concentration of mercury in
the contaminated wastewater (river) in Indonesia. Based on the data presented in Fig.4, c, d, it is
evident that as the initial concentration of mercury increases, both the adsorption capacity and re-
moval of mercury also increase. When the mercury concentration is higher (20 mg/1), the maximum
removal efficiency is approximately 93.1 %, with an adsorption capacity of around 37.3 mg/g.
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Fig.3. The characteristic Type IV (IUPAC classification) N2 adsorption isotherm of rice husk adsorbent (a);
pore distribution of rice husk adsorbent (b)
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Fig.4. The concentrations of Hg in water as a function of time (a); the adsorption performance of rice husk at various
adsorbent dosages (b); effect of initial mercury concentration on removal (c) and adsorbent capacity (d)
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In comparison, for lower mercury concentrations of 10 and 5 mg/l, the removal efficiencies are
approximately 78 and 52 % respectively, with adsorption capacities of approximately 28.6 and
5.2 mg/g after 120 min of contact time. This is because a high initial concentration provides the nec-
essary driving force to overcome adsorbate mass transfer processes between the aqueous and solid
phases [47, 51, 52].

Adsorption kinetics. To understand the rate and mechanism of Hg(II) removal from an aqueous
solution, knowledge of its kinetic parameters is required, hence a kinetics study was conducted. By
graphing kinetic equations (1) and (2) against experimental data, linear connections were formed.
Thus, kinetic parameters were determined and provided in Table 2. The effectiveness of the kinetic
models was evaluated by the coefficient of determination values R°. The calculated kinetic constants
demonstrated that the pseudo-second-order kinetic model had the highest correlation coefficient R
and provided the best fit. Additionally, the results showed that the Hg-uptake obtained through
pseudo-first-order kinetic was significantly lower than the experimental value (Qecany < Qeexp))- In
contrast, the calculated Hg-uptake in pseudo-second-order kinetic was much closer to the experi-
mental value. This finding was consistent with previous research conducted [31, 32]. These results
confirm that the best-fit kinetic model is the pseudo-second-order kinetic model and that Hg adsorp-
tion on rice husk is most likely through the chemisorption mechanism [8, 53].

Table 2

Kinetic parameters for the mercury adsorption over rice husk

Kinetic information Parameter Value
Experimental data QOe(exp), Mg/g 90.63
Lagergren-first-order model Qe(cal), M/g 37.07
k1, min~! 0.0244
R? 0.57238
Pseudo-second-order model QOe(cal), Mg/g 92.65
k2, g/mg-min 0.0016
R? 0.98859

Adsorption Isotherms. To study the adsorption mechanism, a brief overview of ten adsorption
isotherms and the computation for obtaining curves from data fitting results are shown in Table 3.
In prior work [54], the calculation of the isotherm adsorption is given in detail.

Table 3
A summary of ten adsorption isotherm models

Isotherm model Theoretical consideration Plot (x-axis vs y-axis) Parameter
Langmuir The model assumes monolayer adsorption, in which adsorbates 1 1 . ]

are adsorbed to a finite number of identical and equivalent definite c 0 = intercepl;

localized sites with no lateral interaction, ¢ ¢ e

1
11 ke =—
0. 0k < O Omrtre
max X

where k. represents the Langmuir constant; Q. represents the number
of molecules adsorbed at equilibrium, mg/g; and Omax represents the
adsorption capacity, mg/g.

The adsorption factor
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Table 3 continued

Isotherm model

Theoretical consideration

Plot (x-axis vs y-axis)

Parameter

Freundlich

Temkin

Dubinin —
Radushkevich

Flory —
Huggins

where R: describes unfavorable adsorption (R. > 1), linear
adsorption (influenced by the number and concentration
of adsorbed molecules) (R, = 1), too strong adsorption or irre-
versible adsorption (R, = 0), and favorable adsorption or absent
of desorption (0 <R, < 1)

The model represents multilayer adsorption on heterogeneous sur-
faces produced by variances in adsorption heat,

logQ, =logk;. + llogCL,,
n

where kr is the Freundlich constant used to determine the adsorption
capacity and Ce is the adsorbate concentration at equilibrium, mg/l;
n is the degree of nonlinearity and the adsorption strength, following
chemisorption n <1 or physisorption n>1; linear adsorption
(a concentration-independent partition between two phases n=1;
normal adsorption 77! < 1; cooperative adsorption ™! > 1; favorable
adsorption or no desorption 1 <#~! <0; and adsorption on a hetero-
geneous surface 0 < 77! < 1; the n closer to zero indicates increasing
heterogeneous of adsorbent surface

The model covers interactions between adsorbent and adsorbate
if the heat of adsorption of molecules reduces linearly in each
adsorbed layer and excludes high and low concentration values,

Q,=BrIn4; +B:InC,,

where At is the Temkin model's equilibrium constant. Br is the
Temkin constant, which determines whether adsorption is physical
(Bt < 8 kJ) or chemical (Br> 8 kJ)

The model is based on the adsorption of gases by porous adsorbents
and the pore-filling mechanism

InQ, =InQ, - (Bz*)Q..

where Qs is the saturation capacity, mg/g; B is the Dubinin — Ra-
dushkevich constant correlating to the average free adsorption en-
ergy; € is the Polanyi potential associated with equilibrium condi-
tions, in which the value correlates to adsorption energy

€=RTIn 1+L ;
C(.’

E relates to the physical (£ < 8 kJ) or chemical (£ > 8 kJ)
adsorption

(©)

The model is based on the adsorption of gases by porous adsorbents
and the pore-filling mechanism

logci =logkyy + nloglog(l - 9),

e

where 6 = (C./C) is the degree of monolayer coverage; kru are the
equilibrium constant for the Flory — Huggins model, which corre-
lates to the Gibbs free energy

AG°=—RT Inky,, 4)

AG® can describe the spontaneous and temperature-dependent
nature of the adsorption when it is negative

InC, vs InQ,

InC, vs O,

8 vs InQ,

log(ci] vs log(1-0)

Ink, =intercept;

1

—=slope
n

B =slope;

By In A, =intercept;
RT
by
B =kpr =slope;
E= 1

N 2kpr

Ny = Sslope;
kg =intercept;
AG°=RTIn (ks );

0=1- C.
G
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End of Table 3
Isotherm model Theoretical consideration Plot (x-axis vs y-axis) Parameter
Fowler — The model is based on the adsorption of gases by porous adsorbents C (1 _ 9) W = slope;
Guggenheim |and the pore-filling mechanism 0 vsIn eT —Inkpg =intercept;
0 200 20
kpgC, =mexp(vj, a(slope)zﬁ;
where W is the interaction energy between the adsorbed mole- 0=1— g
cules, kJ/mol; informing processes under exothermic (# > 0), Gy
endothermic (W < 0), or no interaction between adsorbed
molecules (W= 0)
Hill — de Boer [ The model is based on the adsorption of gases by porous adsorbents C (1 _ 9) —Ink, =intercept,
and the pore-filling mechanism 0 vs In|— -——
0 1-6 k,0
o (slope) =—
0 0 k,0 RT
kl CE = _eXp T~ o bl
1-6 1-0 RT C
0=1-| =
where k1 (1/mg) and k2 (kJ/mol) are the contact energy constants G
for the adsorbed molecules; k2 informing exothermic with
intermolecular adsorption (k2 > 0); endothermic with repulsion
(k2 < 0); or no interaction between adsorbates (k2 = 0)
Jovanovic The model evaluates adsorption on a heterogeneous surface where

Harkin — Jura

Halsey

a multilayer forms during the adsorption
ane = anmax - kJCe’

where Q. is the amount of adsorbate in the adsorbent at equilibrium,
mg/g; Omax is the maximum absorption of the adsorbate;
ks is the Jovanovic constant.

At a high concentration of adsorbate, the preceding equation
becomes the Langmuir isotherm

The model evaluates adsorption on a heterogeneous surface where
a multilayer is formed during the adsorption

1 B 1
—=—t—| — llogC,,
0, Ay \A4

where By is related to the adsorbent’s specific surface area, and
Any is the Harkin — Jura constant

The model evaluates the multilayer adsorption system far from
the surface. Similarly, to the Freundlich model, the Halsey model
applies to multilayer adsorption and heterogeneous surfaces with
non-uniformly distributed adsorption heat

0, =LlnkH —(LJIHCL,,
n

H ny

where kx and n are Halsey's constants

Note: slope — slope factor; intercept — linear part of approximation equation.

C, vs InQ,

1
logC, vs —-
Q2

e

InC, vs InQ,

k; = slope;

Ing,,,, = intercept

1

Ay = ;
slope

B
—H — jntercept
Ay

1
— = slope;
n

1
—Ink,, =intercept
n

The analysis of adsorption isotherms is crucial for determining how the adsorbent surface
interacts with adsorbate molecules. The interaction between the metal ion and the adsorbent ma-
terial, as well as the adsorption capacity of the material, can be determined using isothermal
models. The ten isotherm adsorption models were used to match experimental mercury adsorption
onto rice husk. The rice husk parameters derived from the ten studied models are presented
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in Table 4. The experimental values are reconstructed based on the charting of several parameters
(using plot equations in Table 3). Then, linear correlation coefficients R? are employed to demonstrate
the compatibility of correlation curves between experimental data and linearized isotherm models.

The Langmuir factor R; defines whether the ad-
sorption is favourable. In this instance, values fall
in the range R; > 1, indicating that the adsorption pro-
cess is unfavourable, with maximum adsorption ca-
pacities O, of 68.140 mg/g. In addition, the

Table 4

Isotherm parameters for the adsorption of Hg (II)

on rice husk

degree of adsorbate-adsorbent interaction &, indicates [sotherm models Parameter Value
a weak contact between the adsorbate molecule and Langmuir Ql;“‘x 681' 1140
the adsorbent surface due to its small value kLL 0.0016
(kr =—0.0016) [54]. Meanwhile, the correlation co- R? 0.934
efficient value for Langmuir is R* = 0.934, indicat- Freundlich Lu kr 5.308
ing that the adsorption process employing the pre- ll/{:’l:F —06.728388
sent adsorbent can produce a monolayer structure. nr —4.200
Nevertheless, the negative value of k; shows that the R? 0.984
data do not fit Langmuir. Temkin B ~19.954

The fitting performance of Freundlich is shown ﬁ: 2*012']252_26
in Table 4. The slope derived via data fitting in the R 0.989
form of a gradient is n~!, while the intercept is Inkr. Dubinin — Radushkevich 8 0.276
Analysis of the n value of the rice husk adsorbent E 1.345
revealed a negative value with correlations of n < 1 R? 0.892
and n!' <1, indicating that adsorption happens Flory — Huggins nEH —4.131

. . . .. log kru -10.702
chemically via a typical process. In addition, the o 1.98575E-11
high value of R? 0.984 implies that the adsorption AG° ~604.486
profile of rice husk in the adsorption process has a o 0.815
multilayer structure. The adsorption capacities de- K 0984
noted by kr have a value of 0.788 mg/g. Fowler = Guggenheim —an;cm 71111 '569202

Temkin's approach was founded on the fact that kG 9.2573E-06
adsorption decreases the heat of adsorption of all afslope) -0.772
molecules in a linear way [55]. The determined values 32 g'gég
of its parameters (Bt and At) are given in Table 4. , '
The Br and At have small values (2.02-10°¢ and Hill = de Boer _ll:ll N 1'4;;653313
—1.229, respectively), which means less affinity be- ka _1187.105
tween the adsorbent and adsorbate molecules due to o(slope) —39.427
their physical interactions. The correlation coeffi- 32 gigég
c1ent' of Temkin (1.32 = 0:989) suggests that t'her'e is Jovanovic N 0,006
multilayer adsorption with a homogenous distribu- I Orma 4.676
tion between the adsorbate and the surface of the ad- Omax 107.299
sorbent. However, because the parameter value is K 0.999
small, this model cannot be used. Harkin — Jura An 6369.008

Dubinin — Radushkevich's k> = 0.892 value is B |
the lowest in this study. This value indicates the ex- Halsey Unn _0.238
istence of micropore size in adsorbent surfaces with ni ~4.200
multilayer structures. The examination of the E In kn 5.308
value in this model was < 8 KJ/mol proving that ad- k1 201.925
sorption is a physical process [55, 56]. R 0.9836
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The thermodynamic feasibility and spontaneity of an adsorption process can be predicted using
the Flory — Huggins isotherm, which describes the degree of surface covering properties of the ad-
sorbate on the adsorbent [54, 57]. The estimated nry in this study (Table 4) suggests that the adsorbate
occupies more than one active adsorbent zone generating a multilayer structure [54], this is supported
by the R? value as well R? = 0.984, indicating that no molecule was bonded to any adsorption site on
the rice husk adsorbent [57]. As a result, the Flory — Huggins model cannot predict the adsorption of
Hg(II) onto rice husk due to small value parameters and is therefore disregarded. The negative AG
value demonstrates that the adsorption of Hg(II) onto rice husk is thermodynamically spontaneous
and validates the process's viability.

The Fowler — Guggenheim isotherm model takes into consideration the lateral interaction of
adsorbate adsorption onto adsorbent [54, 58]. The R?> = 0.992 value of this model shows a good fit.
On the contrary, the parameters (W and krg) show relatively small values. A negative value of W
indicates that the interaction occurs repulsively between the adsorbed molecules. Meanwhile, a very
small krc value indicates the weak interaction between the adsorbate and adsorbent due to the Van
der Waals bond. Hence, this model is not suitable.

The Hill — de Boer model describes the mobile adsorption and lateral interaction of molecules
that have been adsorbed [59]. Using equation (3), Hill — de Boer model adsorption parameters were
determined. As seen in Table 4, the regression coefficient R* had a value of 0.969 informing of the
multilayer structure in the adsorption process. Meanwhile, a negative k> value represents repulsion.
When there is repulsion among the adsorbed species, the apparent affinity decreases with loading
[59]. A modest value of ki indicates poor adsorbent-adsorbate interaction because the active site is
ineffective in carrying out the adsorption process. Consequently, this model is inappropriate.

The adsorption parameters of the Harkin — Jura model were obtained using equation (2). The R’
value of 0.970 is the result of a multilayer adsorption process on the surface of an adsorbent with
heterogeneous pore distribution.

The coefficient correlation value of Halsey exhibits a good adsorption system (R> = 0.984), in-
dicating the nature of the adsorbent is heterogeneous with a multilayer structure. These results are in
line with the Harkin — Jura model.

The Jovanovic isotherm model has few mechanical contacts between desorbing and adsorbing
molecules [54, 58, 59]. The Jovanovic parameters exhibit the most satisfactory value (Table 4), with
the correlation coefficient R? (0.999) being near unity. In addition, this model has a high maximum
capacity (107.299 mg/g). This indicates that the experiment consists of adsorption with a moving and
localized monolayer and no lateral contact”.

The R? value analysis reveals that the rice husk adsorption system is compatible with various
models, excluding Dubinin — Radushkevich. The Langmuir, Freundlich, Temkin, Flory — Huggins,
Hill — de Boer, Harkin —Jura, Fowler — Guggenheim, and Halsey models all showed a good fit,
but the Jovanovic model provided the best results. This suggests that the adsorption process forms
a monolayer structure without any lateral interactions between the adsorbate and adsorbent. Addi-
tionally, the rice husk adsorbent is believed to have a multilayer adsorption process due to its hetero-
geneous pore distribution, which leads to pore filling. Thus, the bond between the adsorbate and
adsorbent is characterized by weak chemical and physical interaction (Fig.5). The screening and
arrangement are based on an understanding of the coefficient of correlation R
In descending order: Jovanovic, Fowler — Guggenheim, Temkin, Flory — Huggins, Freundlich,
Halsey, Harkin — Jura, Hill — de Boer, Langmuir, Dubinin — Radushkevich. Although the model
is in good agreement with the experimental results, analyses based on Table 4, physicochemical
characterization, and kinetic adsorption show that the adsorption profile follows physical

* Saroyda J.R.V., CruzR.Y.S., Antonio R.J.C. et al. PUPAIM: a collection of physical and chemical adsorption isotherm models.
Version 0.2. 0. 2020. URL: https://CRAN. R-project. org/package= PUPAIM (accessed 25.10.2023).
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and chemical adsorption with multilayer adsorption. In
addition, the adsorption process occurs endothermically
and spontaneously by forming a multilayer surface
with a pore-filling system and mutually repulsive inter-
molecular interactions.

Proposed adsorption mechanism. Concerning
the characterization findings and in conjunction with
the reported adsorption results, we propose the following
adsorption mechanism. While morphology does indeed
factor into the adsorption process, the presence of func-
tional groups on the surface of rice husk is equally sig-

nificant. There exists a noticeable relationship between Multilayer, repulsive, mixing adsorption, spontaneous,
Hg?" and the oxygenated functional groups due to their in- porefilling

teraction with available pairs of electrons on oxygen and Fig.5. Rice husk adsorbent system prediction
the presence of aromatic structures (n-type bonds) in the model

. . . . .o 1 — week physical interaction; 2 — multilayer;
materials. This results in them having polar characteristics 3 physical adsorption; 4 — Free adsorbate;

with partially negative charges and a strong tendency Sa;(;haedisr:f;:;t;fglEftl‘l“’::’; ff"‘;é‘:l‘(’)llzcy“elfs

to attract positively charged mercury ions. Thus, the rice 7 — weak chemical interaction; 8 — adsorbent
husk adsorbent materials predominantly undergo Hg?* surtace

adsorption through three processes: electrostatic interaction between the negatively charged density
at the surface of rice husk and Hg>" metal cation; formation of (-COO),Hg and (—O),Hg complexes
due to the interaction between Hg?" and conjugate bases of carboxylic and phenolic groups (-COO-
and —O-), and interactions between Hg®" and m (or ion exchange), Hg-Cn electrons from
the graphene structure (C=C) and C=O present in the materials. These findings agree with previous
studies reported [31, 32, 36, 60]. However, the complexation reaction between —OH groups and
Hg?" is the most dominant [36]. The mechanism that happens during the adsorption process is
complexation.

In addition, this study is preliminary for pilot and large scale process. Some issues must be more
detailed analyzed, including the analysis in the formation of Hg into the pore structure, including the
final pore structure. Further information relating to surface area (using BET and XRD) and molecule
interaction (using FTIR) must be also done and compared to current literature [61-63].

Conclusions. The study successfully removed Hg(I1) from realistic environmental concentration
levels using rice husk in batch mode. The results showed that the ability to adsorb mercury increased
with longer contact time, higher adsorbent dosage, and initial concentration.

The adsorption kinetics followed a pseudo-second-order model, and the Jovanovic model accu-
rately described the adsorption isotherm with a maximum adsorption capacity of 107.299 mg Hg/g
rice husk, suggesting a combination of physical and chemical interactions. The study also found that
adsorbent materials with low surface area and high oxygenated functional groups are effective in
removing Hg(II) because functional groups on the material's surface attract Hg(II) through various
interactions. The rice husk material was found to be highly effective in removing Hg(I1) from aqueous
solutions. In conclusion, this study demonstrates the effectiveness of using rice husk for removing
Hg(II) from water.

This study, we summarize the additional advantages of the use of rice husk as follows:

* rice husk is largely available, especially in rice-producing countries; since it is a by-product of
rice production, the cost of rice husk is free;

117
This is an open access article under the CC BY 4.0 license



= Journal of Mining Institute. 2024. Vol. 265. P. 104-120 EDN BZVWDO
© Asep B. D. Nandiyanto, Willy C. Nugraha, Intan Yustia, Risti Ragadhita,
Meli Fiandini, Hanny Meirinawati, Diana R. Wulan, 2024

* rice husk is categorized as one of the agricultural wastes, making the use of rice husk as an
adsorbent material to solve the current issues in disposal and waste management;

« utilization of rice husk for wastewater treatment needs a simple procedure, requiring less pro-
cessing steps;

» rice husk has an excellent pore structure, making it have a good adsorption capacity; further
development and treatment of this rice husk can increase its selectivity;

« this method is also possible for being applied in the adsorption of heavy metal ions;

« the utilization ofrice husk for adsorbing heavy metal can achieve significant results in realizing
sustainable development goals (SDGs).

REFERENCES

1. Meutia A.A., Lumowa R., Sakakibara M. Indonesian Artisanal and Small-Scale Gold Mining — A Narrative Literature Review.
International Journal of Environmental Research and Public Health. 2022. Vol. 19. Iss. 7. N 3955. DOI: 10.3390/ijerph19073955

2. Teknologi Pengolahan Emas Pada Pertambangan Emas Skala Kecil di Indonesia. Buku 4. Ed. by B.D.Krisnayanti,
A.S.Probiyantono. Jakarta: UNDP Indonesia, 2020, p. 17. URL: https://goldismia.org/sites/default/files/2020-12/View%
20Buku%204%20%281%29.pdf (accessed 25.10.2023).

3. Manzila A.N., Moyo T., Petersen J. A Study on the Applicability of Agitated Cyanide Leaching and Thiosulphate Leaching
for Gold Extraction in Artisanal and Small-Scale Gold Mining. Minerals. 2022. Vol. 12. Iss. 10. N 1291. DOI: 10.3390/min12101291

4. Green C.S., Lewis P.J., Wozniak J.R. et al. A comparison of factors affecting the small-scale distribution of mercury from
artisanal small-scale gold mining in a Zimbabwean stream system. The Science of The Total Environment. 2019. Vol. 647,
p. 400-410. DOLI: 10.1016/j.scitotenv.2018.07.418

5. Bashir A., Malik L.A., Ahad S. et al. Removal of heavy metal ions from aqueous system by ion-exchange and biosorption
methods. Environmental Chemistry Letters. 2019. Vol. 17. Iss. 2, p. 729-754. DOI: 10.1007/s10311-018-00828-y

6. Karwowska B., Sperczynska E. Organic Matter and Heavy Metal lons Removal from Surface Water in Processes of Oxida-
tion with Ozone, UV Irradiation, Coagulation and Adsorption. Water. 2022. Vol. 14. Iss. 22. N 3763. DOI: 10.3390/w14223763

7. Hua Kang, Xu Xueliu, Luo Zhiping et al. Effective Removal of Mercury Ions in Aqueous Solutions: A Review. Current
Nanoscience. 2020. Vol. 16. Iss. 3, p. 363-375. DOI: 10.2174/1573413715666190112110659

8. YingLi, Yangxian Liu, Wei Yang et al. Adsorption of elemental mercury in flue gas using biomass porous carbons modified
by microwave/hydrogen peroxide. Fuel. 2021. Vol. 291. N 120152. DOI: 10.1016/j.fuel.2021.120152

9. Saleh T.A., Tuzen M., Sar1 A. Polyamide magnetic palygorskite for the simultaneous removal of Hg(II) and methyl mercury; with
factorial design analysis. Journal of Environmental Management. 2018. Vol. 211. N 323-333. DOI: 10.1016/j.jenvman.2018.01.050

10. Xiaodong Yang, Yongshan Wan, Yulin Zheng et al. Surface functional groups of carbon-based adsorbents and their roles in
the removal of heavy metals from aqueous solutions: A critical review. Chemical Engineering Journal. 2019. Vol. 366, p. 608-621.
DOI: 10.1016/j.cej.2019.02.119

11. Sanka P.M. Application of rice and corn husk biochar for removal of heavy metal ions from industrial wastewater:
Dissertation. NM-AIST. Aruska, Tanzania, 2020, p. 51. URL: https://dspace.nm-aist.ac.tz’handle/20.500.12479/968 (accessed
25.10.2023).

12. Kwikima M.M., Chebude Y., Meshesha B.T. Kinetics, adsorption isotherms, thermodynamics, and desorption studies of
cadmium removal from aqueous solutions using bamboo sawdust/rice husk biochar. Biomass Conversion and Biorefinery. 2023.
Vol. 13.Iss. 11, p. 9367-9379. DOIL: 10.1007/s13399-022-03472-3

13. Lala M.A., Ntamu T.E., Adesina O.A. et al. Adsorption of hexavalent chromium from aqueous solution using cationic
modified rice husk: Parametric optimization via Taguchi design approach. Scientific Afirican. 2023. Vol. 20. N e01633.
DOI: 10.1016/j.sciaf.2023.01633

14. Peng Zhao, Zhanbin Huang, Ping Wang, An Wang. Comparative study on high-efficiency Pb(I) removal from
aqueous solutions using coal and rice husk based humic acids. Journal of Molecular Liquids. 2023. Vol. 369. N 120875.
DOI: 10.1016/j.molliq.2022.120875

15. Putri S.E., Hasri, Side S. et al. Synthesis of Metasilicate Gel from Rice Husk and Its Application as Medium of Growth
Single Crystal Calcium Tartrate Tetrahydrate (CaC4H406.4H20). Joint Conference on Green Engineering Technology & Applied
Computing, 4-5 February 2019, Bangkok, Thailand. IOP Conference Series: Materials Science and Engineering, 2019. Vol. 551.
N 012112. DOI: 10.1088/1757-899X/551/1/012112

16. Raychaudhuri A., Behera M. Ceramic membrane modified with rice husk ash for application in microbial fuel cells. Elec-
trochimica Acta. 2020. Vol. 363. N 137261. DOI: 10.1016/j.electacta.2020.137261

17. Ababaii M.A., Gilani N., Pasikhani J.V. Modification of Rice Husk with Ultrasound-Assisted Inorganic Treatment and Its
Application for Catalytic Hydrogen Production. BioEnergy Research. 2023, p. 11. DOI: 10.1007/s12155-023-10643-1

18. Nandiyanto A.B.D., Ragadhita R., Girsang G.C.S. et al. Effect of palm fronds and rice husk composition ratio on
the mechanical properties of composite-based brake pad. Moroccan Journal of Chemistry. 2022. Vol. 10. N 4, p. 663-677.
DOI: 10.48317/IMIST.PRSM/morjchem-v10i4.34291

19. Shukla N., Sahoo D., Remya N. Biochar from microwave pyrolysis of rice husk for tertiary wastewater treatment and soil
nourishment. Journal of Cleaner Production. 2019. Vol. 235, p. 1073-1079. DOI: 10.1016/j.jclepro.2019.07.042

118
This is an open access article under the CC BY 4.0 license



EDN BZVWDO Journal of Mining Institute. 2024. Vol. 265. P. 104-120
© Asep B. D. Nandiyanto, Willy C. Nugraha, Intan Yustia, Risti Ragadhita,
Meli Fiandini, Hanny Meirinawati, Diana R. Wulan, 2024

20. Yisong Wang, He Jia, Peng Chen et al. Synthesis of La and Ce modified X zeolite from rice husk ash for carbon dioxide
capture. Journal of Materials Research and Technology. 2020. Vol. 9. Iss. 3, p. 4368-4378. DOI: 10.1016/j.jmrt.2020.02.061

21. Lazzari L.K., Zimmermann M.V.G., Perondi D. et al. Production of Carbon Foams from Rice Husk. Materials Research.
2019. Vol. 22. Suppl. 1. N ¢20190427. DOI: 10.1590/1980-5373-MR-2019-0427

22. Daulay A., Andriayani, Marpongahtun, Gea S. Synthesis and application of silicon nanoparticles prepared from rice
husk for lithium-ion batteries. Case Studies in Chemical and Environmental Engineering. 2022. Vol. 6. N 100256.
DOI: 10.1016/j.cscee.2022.100256

23. Hiroyuki Muramatsu, Yoong Ahm Kim, Kap-Seung Yang et al. Rice Husk-Derived Graphene with Nano-Sized Domains
and Clean Edges. Small. 2014. Vol. 10. Iss. 14, p. 2766-2770. DOI: 10.1002/smll.201400017

24. Adam F., Appaturi J.N., Thankappan R., Nawi M.A.M. Silica—tin nanotubes prepared from rice husk ash by sol-gel
method: Characterization and its photocatalytic activity. Applied Surface Science. 2010. Vol. 257. Iss. 3, p. 811-816.
DOI: 10.1016/j.apsusc.2010.07.070

25. Khan K., Ullah M.F., Shahzada K. et al. Effective use of micro-silica extracted from rice husk ash for the production of
high-performance and sustainable cement mortar. Construction and Building Materials. 2020. Vol. 258. N 119589.
DOI: 10.1016/j.conbuildmat.2020.119589

26. Rajanna S.K., Kumar D., Vinjamur M., Mukhopadhyay M. Silica Aerogel Microparticles from Rice Husk Ash for Drug
Delivery. Industrial & Engineering Chemistry Research. 2015. Vol. 54. Iss. 3, p. 949-956. DOI: 10.1021/ie503867p

27. Olugbemide A.D., Likozar B. Assessment of Liquid and Solid Digestates from Anaerobic Digestion of Rice Husk as Poten-
tial Biofertilizer and Nutrient Source for Microalgae Cultivation. Processes. 2022. Vol. 10. Iss. 5. N 1007. DOI: 10.3390/pr10051007

28. Tien-Duc Pham, Thi-Mai-Anh Le, Thi-My-Quynh Pham et al. Synthesis and Characterization of Novel Hybridized
CeO2@Si02 Nanoparticles Based on Rice Husk and Their Application in Antibiotic Removal. Langmuir. 2021. Vol. 37. Iss. 9,
p. 2963-2973. DOI: 10.1021/acs.langmuir.0c03632

29. Khu Le Van, Thuy Luong Thi Thu. Preparation of Pore-Size Controllable Activated Carbon from Rice Husk Using
Dual Activating Agent and Its Application in Supercapacitor. Journal of Chemistry. 2019. Vol. 2019. N 4329609.
DOI: 10.1155/2019/4329609

30. Kamari S., Ghorbani F. Extraction of highly pure silica from rice husk as an agricultural by-product and its application in
the production of magnetic mesoporous silica MCM-41. Biomass Conversion and Biorefinery. 2021. Vol. 11. Iss. 6, p. 3001-3009.
DOI: 10.1007/s13399-020-00637-w

31. Giraldo S., Robles I., Ramirez A. et al. Mercury removal from wastewater using agroindustrial waste adsorbents. SN Applied
Sciences. 2020. Vol. 2. Iss. 6. N 1029. DOI: 10.1007/s42452-020-2736-x

32. Al-Yaari M., Saleh T.A. Mercury Removal from Water Using a Novel Composite of Polyacrylate-Modified Carbon. ACS
omega. 2022. Vol. 7. Iss. 17, p. 14820-14831. DOI: 10.1021/acsomega.2c00274

33. Nandiyanto A.B.D., Oktiani R., Ragadhita R. How to read and interpret FTIR spectroscope of organic material. [ndonesian
Journal of Science and Technology. 2019. Vol. 4. N 1, p. 97-118. DOI: 10.17509/ijost.v4i1.15806

34. Tariqg M., Durrani A.L, Farooq U., Tarig M. Efficacy of spent black tea for the removal of nitrobenzene from aqueous
media. Journal of Environmental Management. 2018. Vol. 223, p. 771-778. DOI: 10.1016/j.jenvman.2018.06.080

35. Rengga W.D.P., Sediawan W.B., Imani N.A.C. et al. Adsorption Studies of Rice Husk-Based Silica/Carbon Composite.
EKSAKTA: Journal of Sciences and Data Analysis. 2020. Vol. 1. Iss. 2, p. 98-104. DOIL: 10.20885/EKSAKTA.voll.iss2.art1

36. Xiaoli Guo, Menghong Li, Aijv Liu et al. Adsorption Mechanisms and Characteristics of Hg?* Removal by Different Frac-
tions of Biochar. Water. 2020. Vol. 12. Iss. 8. N 2105. DOI: 10.3390/w12082105

37. Tokay B., Akpinar I. A comparative study of heavy metals removal using agricultural waste biosorbents. Bioresource Tech-
nology Reports. 2021. Vol. 15. N 100719. DOTI: 10.1016/.biteb.2021.100719

38. Gutierrez LR. Evaluacion de los cambios en los parametros fisicoquimicos del suelo procedente de San Joaquin, Querétaro;
después del tratamiento electrocinético para la remocion de mercurio: Tesis doctoral. Mexico: Centro de Investigacion y Desarrollo
Tecnologico en Electroquimica, 2015. URL: https://www.lareferencia.info/vufind/Record/MX_e7e02b542beacd21972161¢cd720c5b76
(accessed 25.10.2023).

39. Songnan Li. Combustion synthesis of porous MgO and its adsorption properties. International Journal of Industrial
Chemistry. 2019. Vol. 10. Iss. 1, p. 89-96. DOI: 10.1007/s40090-019-0174-7

40. Jabar J.M., Odusote Y.A., Alabi K.A., Ahmed I.B. Kinetics and mechanisms of congo-red dye removal from aqueous
solution using activated Moringa oleifera seed coat as adsorbent. Applied Water Science. 2020. Vol. 10. Iss. 6. N 136.
DOI: 10.1007/s13201-020-01221-3

41. Boulaiche W., Hamdi B., Trari M. Removal of heavy metals by chitin: equilibrium, kinetic and thermodynamic studies.
Applied Water Science. 2019. Vol. 9. Iss. 2. N 39. DOI: 10.1007/s13201-019-0926-8

42. Metz P.C. Total Scattering Analysis of Disordered Nanosheet Materials: A Thesis Submitted To The Faculty Of Alfred
University In Partial Fulfillment Of The Requirements For The Degree Of Doctor Of Philosophy In Ceramic Engineering. New York:
Alfred University, 2017. 157 p. URL: https://s3-eu-west-1.amazonaws.com/pfigshare-u-files/8231207/42017 Metz Thesis Final.pdf
(accessed 25.10.2023).

43. Yurdakal S., Garlisi C., Ozcan L. et al. Chapter 4 — (Photo)catalyst Characterization Techniques: Adsorption Isotherms and
BET, SEM, FTIR, UV—Vis, Photoluminescence, and Electrochemical Characterizations. Heterogeneous Photocatalysis. Elsevier, 2019,
p- 87-152. DOL: 10.1016/B978-0-444-64015-4.00004-3

44, Thommes M., Kaneko K., Neimark A.V. et al. Physisorption of gases, with special reference to the evaluation of surface
area and pore size distribution (IUPAC Technical Report). Pure Applied Chemistry. 2015. Vol. 87. N9-10, p. 1051-1069.
DOI: 10.15.15/pac-2014-1117

45. Kumar K. V., Gadipelli S., Wood B. et al. Characterization of the adsorption site energies and heterogeneous surfaces of
porous materials. Journal of Materials Chemistry 4. 2019. Vol. 7. Iss. 17, p. 10104-10137. DOI: 10.1039/C9TA00287A

46. Kolar P., Jin H. Baseline characterization data for raw rice husk. Data in brief. 2019. Vol.25. N 104219.
DOI: 10.1016/j.dib.2019.104219

119
This is an open access article under the CC BY 4.0 license



= Journal of Mining Institute. 2024. Vol. 265. P. 104-120 EDN BZVWDO
© Asep B. D. Nandiyanto, Willy C. Nugraha, Intan Yustia, Risti Ragadhita,
Meli Fiandini, Hanny Meirinawati, Diana R. Wulan, 2024

47. Ahmaruzzaman M., Gupta V.K. Rice Husk and Its Ash as Low-Cost Adsorbents in Water and Wastewater Treatment.
Industrial & Engineering Chemistry Research. 2011. Vol. 50. Iss. 24, p. 13589-13613. DOI: 10.1021/ie201477¢

48. Al-Yaari M., Saleh T.A., Saber O. Removal of mercury from polluted water by a novel composite of polymer carbon nano-
fiber: kinetic, isotherm, and thermodynamic studies. RSC Advances. 2021. Vol. 11. Iss. 1, p. 380-389. DOI: 10.1039/DORA08882J

49. Zili Tang, Hui Wu, Qingbo Wen, Liming Hu. Effect of Adsorbent Dosage to Adsorbate Concentration Ratio on the Adsorp-
tion of Cd(Il) on Coal Gangue. Proceedings of the 8th International Congress on Environmental Geotechnics, 28 October — 1 November
2018, Hangzhou, China. Springer, 2019. Vol. 1, p. 428-435. DOI: 10.1007/978-981-13-2221-1 45

50. Akpomie K.G., Eluke L.O., Ajiwe V.LE., Alisa C.O. Attenuation Kinetics and Desorption Performance of artocarpus altilis
Seed Husk for Co (II), Pb (I) and Zn (II) lons. I[ranian Journal of Chemistry and Chemical Engineering. 2018. Vol. 37. Iss. 3 (89),
p- 171-186. DOIL: 10.30492/IJCCE.2018.30205

51. Syafiuddin A., Fulazzaky M.A. Decolorization kinetics and mass transfer mechanisms of Remazol Brilliant Blue R dye
mediated by different fungi. Biotechnology Reports. 2021. Vol. 29. N ¢00573. DOI: 10.1016/.btre.2020.e00573

52. Jain N., Dwivedi M.K., Waskle A. Adsorption of Methylene Blue Dye from Industrial Effluents Using Coal Fly Ash. Inter-
national Journal of Advanced Engineering Research and Science. 2016. Vol. 3. Iss. 4, p. 9-16.

53. Dada A.O., Adekola F.A., Odebunmi E.O. et al. Two-three parameters isotherm modeling, kinetics with statistical validity,
desorption and thermodynamic studies of adsorption of C(II) ions onto zerovalent iron nanoparticles. Scientific Reports. 2021. Vol. 11.
N 1. N 16454. DOI: 10.1038/s41598-021-95090-8

54. Ragadhita R., Nandiyanto A.B.D. How to Calculate Adsorption Isotherms of Particles Using Two-Parameter Monolayer
Adsorption Models and Equations. [Indonesian Journal of Science and Technology. 2021. Vol.6. N1, p.205-234.
DOI: 10.17509/ijost.v6i1.32354

55. Alabbad E.A. Effect of Direct yellow 50 removal from an aqueous solution using nano bentonite; adsorption isotherm,
kinetic analysis and thermodynamic behaviour. Arabian Journal of Chemistry. 2023. Vol.16. Iss.2. N 104517.
DOI: 10.1016/j.arabjc.2022.104517

56. Nandiyanto A.B.D. Isotherm Adsorption of Carbon Microparticles Prepared from Pumpkin (Cucurbita maxima) Seeds Us-
ing Two-Parameter Monolayer Adsorption Models and Equations. Moroccan Journal of Chemistry. 2020. Vol. 8. N 3, p. 745-761.
DOI: 10.48317/IMIST.PRSM/morjchem-v8i3.21636

57. Shikuku V.O., Mishra T. Adsorption isotherm modeling for methylene blue removal onto magnetic kaolinite clay:
a comparison of two-parameter isotherms. Applied Water Science. 2021. Vol. 11. Iss. 6. N 103. DOI: 10.1007/s13201-021-01440-2

58. Dada A.O., Ojedira J.O., Okunola A.A. et al. Modeling of Biosorption of Pb(Il) and Zn(II) Ions onto PAMRH: Langmuir,
Freundlich, Temkin, Dubinin — Raduskevich, Jovanovic, Flory — Huggins, Fowler — Guggenheim and Kiselev Comparative Isotherm
Studies. International Journal of Mechanical Engineering and Technology. 2019. Vol. 10. Iss. 2, p. 1048-1058.

59. Yousef' N.S., Farouq R., Hazzaa R. Adsorption kinetics and isotherms for the removal of nickel ions from aqueous solutions
by an ion-exchange resin: application of two and three parameter isotherm models. Desalination and Water Treatment. 2016. Vol. 57.
Iss. 46, p. 21925-21938.

60. Yao Huang, Siyu Xia, Jingjing Lyu, Jingchun Tang. Highly efficient removal of aqueous Hg?" and CHsHg" by selective
modification of biochar with 3-mercaptopropyltrimethoxysilane. Chemical Engineering Journal. 2019. Vol. 360, p. 1646-1655.
DOI: 10.1016/j.cej.2018.10.231

61. Irwansyah F.S., Amal A.L, Diyanthi E.-W. et al. How to Read and Determine the Specific Surface area of Inorganic
Materials Using the Brunauer — Emmett — Teller (BET) Method. ASEAN Journal of Science and Engineering. p. 10.
URL: https://ejournal.upi.edv/index.php/AJSE/article/view/60748 (Online First) (accessed 25.10.2023).

62. Sukamto S., Rahmat A. Evaluation of FTIR, Macro and Micronutrients of Compost from Black Soldier Fly Residual:
in Context of Its Use as Fertilizer. ASEAN Journal of Science and Engineering. 2023. Vol.3. N1, p.21-30.
DOI: 10.17509/ajse.v3i1.42798

63. Fatimah S., Ragadhita R., Husaeni D.F.A, Nandiyanto A.B.D. How to Calculate Crystallite Size From X-Ray Diffrac-
tion (XRD) Using Scherrer Method. ASEAN Journal of Science and Engineering. 2022. Vol.2. N1, p.65-76.
DOI: 10.17509/ajse.v2i1.37647

Authors: Asep B. D. Nandiyanto, Professional Doctorate in Engineering, Professor, nandiyanto@upi.edu, https://or-
cid.org/0000-0002-9753-1267 (Universitas Pendidikan Indonesia, Bandung, Indonesia; Pusat Riset Lingkungan dan Teknologi Bersih,
Badan Riset dan Inovasi Nasional, Jakarta, Indonesia), Willy C. Nugraha, Doctor of Science, Researcher, https://orcid.org/0000-
0003-1542-6701 (Pusat Riset Lingkungan dan Teknologi Bersih, Badan Riset dan Inovasi Nasional, Jakarta, Indonesia), Intan Yustia,
Researcher, https://orcid.org/0000-0003-0553-6579 (Universitas Pendidikan Indonesia, Bandung, Indonesia), Risti Ragadhita,
Researcher, https://orcid.org/0000-0002-8634-4001 (Universitas Pendidikan Indonesia, Bandung, Indonesia), Meli Fiandini,
Researcher, https://orcid.org/0009-0008-7449-9816 (Universitas Pendidikan Indonesia, Bandung, Indonesia), Hanny Meirinawati,
Researcher, https://orcid.org/0000-0001-7728-5524 (Pusat Riset Lingkungan dan Teknologi Bersih, Badan Riset dan Inovasi
Nasional, Jakarta, Indonesia), Diana R. Wulan, Researcher, https://orcid.org/0000-0001-7054-1708 (Pusat Riset Lingkungan dan
Teknologi Bersih, Badan Riset dan Inovasi Nasional, Jakarta, Indonesia).

The authors declare no conflict of interests.

120

This is an open access article under the CC BY 4.0 license



ISSN 2411-3336; e-ISSN 2541-9404

JOURNAL OF MINING INSTITUTE oy

INSTITUTE

Zapiski Gornogo instituta

Journal homepage: pmi.spmi.ru

Research article

Improving the efficiency of oil vapor recovery units
in the commodity transport operations at oil terminals

Vladimir V. PSHENIN <], Gulnur S. ZAKIROVA
Empress Catherine Il Saint Petersburg Mining University, Saint Petersburg, Russia

How to cite this article: Pshenin V.V., Zakirova G.S. Improving the efficiency of oil vapor recovery units in the
commodity transport operations at oil terminals. Journal of Mining Institute. 2024. Vol. 265, p. 121-128.
EDN FFTUZK. DOI: 10.31897/PMI1.2023.29

Abstract. In this paper the problem of losses from evaporation of light fractions of hydrocarbons during loading operations
of tanker fleets vessels is considered. It was found that there is no unified approach to modeling the system “tanker —
gas phase pipeline — vapor recovery units” in open sources. The absence of a generally recognized model makes it
impossible to scientifically justify the application of instruments to reducing losses and the development of corresponding
measures. In work it is showed that the dynamics of growth of pressure in the inner tanker capacity is described by
a differential equation, considering for non-stationary essence of the process. This equation is converted to a non-
dimensional form and investigated in relation to the similarity criteria of this system. This research has allowed to
establish unambiguously the general character of pressure changes in the inner tanker capacity, and to predict the peak
values of its growth at the initial stage of the loading operation. The obtained equations were tested on real tanker
loading data and showed satisfactory convergence with the experimental data. At different stages of the loading opera-
tion the component composition of vapor changes, which is shown by chromatographic analysis of the gas mixture.
With the availability of a model of hydrocarbon vapor displacement from the inner of tanker, it is possible to propose
measures to minimize the negative impact on the environment and return valuable vapors of the product to the techno-
logical chain of transportation.

Keywords: oil tanker; marine terminals; evaporation loss; crude; oil terminal; vapor recovery units; volatile organic com-
pounds; oil losses
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Introduction. In the process of tanker loading oil or oil products evaporate intensively, which
leads to an increase of the excess pressure in their internal space. In case of high loading rates and
insufficient capacity of gas venting systems, when the pressure reaches a critical value a part of the
gas-air mixture is released into the atmosphere. Venting vapors to the atmosphere through breathing
valves or mast riser is undesirable for the following reasons:

« irretrievable loss of valuable materials occurs (for comparison, for a tanker of Aframax class
the size of losses during one operation of crude oil loading can make approximately half of the volume
of one railway tank);

« arisk of emergency stop of loading due to triggering of automatic systems at the berth because
of high gas level;

« evaporation of light fractions worsens quality indicators of oil products;

« pollution of atmospheric basin occurs [1, 2].

The way of controlling losses from vaporization at oil loading terminals is introduction and ef-
ficient operation of vapor recovery units (VRU) [3, 4]. If in domestic practice oil loading terminals
have just begun to be equipped with such devices since about 2010 (mainly imported), then abroad
they have gained a great practical experience of their application [5, 6]. In the world practice of re-
search in this field the leaders are the countries which are characterized by large volumes of tanker
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traffic: the USA, Japan, Norway, China [7, 8]. Despite the relatively successful use of these units,
there is also a negative experience. Research in this area, especially the project VocSim implemented
by Norwegian Marine Technology Research Institute [1], despite substantial financing, could not
provide a universal solution for modeling system “tanker — gas phase pipeline — vapor recovery unit”
[9, 10]. The reasons are the following: oil (or oil products) evaporation process has a complicated
non-stationary character; uniqueness of every separate oil terminal and tanker; a great number of
influencing factors. Some research in the field of heat transfer in the internal tanker space [11],
determination of vapor composition [12, 13], evaporation processes for different products [14, 15],
improvement of individual systems and emission reduction means [16, 17] etc. are of a detached type
and can not efficiently solve the task of emission reduction and operative control within an oil termi-
nal as a whole [18, 19].

An important issue is the total volume of volatile hydrocarbon emissions through the mast riser.
This value is not monitored, there are simply no flow measurement devices installed on the mast riser
line, and calculated estimates are impossible or inaccurate due to the lack of a model of pressure
changes in the tanker's gas space. The air-gas mixture being vented through the mast riser enters the
atmosphere directly, bypassing the vapor recovery unit, which makes it impossible to recover at least
part of the vapor. Vapors are vented when the critical pressure is exceeded through the special piping
of the tanker. The flow mode is characterized by non-linearity in pressure, and there is also uncer-
tainty in the duration of opening the mast riser. As a rule opening takes place at the direction of the
tanker captain for a short period at the moment of peak pressure growth dynamics in order to stabilize
it. From the terminal side, these processes are fixed as unavoidable costs of the technological process.
Such approach is not quite correct, since it is impossible to exclude irregular situations completely,
but it is possible to minimize their negative impact.

The aim of the study is to provide a scientific basis for measures to reduce losses and improve
the efficiency of operation of vapor recovery units. The work consistently solved a number of related
problems: the dynamics of pressure growth in the gas space of the tanker has been simulated; the
obtained solution has been tested on the data of real loading in the port of Kozmino; the quantitative
content of hydrocarbons C1-Cyg at different stages of the loading operation has been experimentally
determined. Within the framework of the given model, estimates were obtained for possible emission
reduction reserve in case of prevention of opening of the mast riser.

Methodology. In the part of obtaining experi-

= 08 mental data on the quantitative content of C1-Cio
c i‘g/ 07 ® hydrocarbons at different stages of the loading ope-
2o ration the results of chromatographic analysis of
gg 064 s selected samples of the displaced gas-air mixture
é g 05 : . . on the “Chromatec-Crystal SOOQ” unit were used
2 c (] [20, 21]. The results were obtained from labora-
3 % 0.4 * tory studies with the author's involvement, and the
£ g ® : results were published earlier in the open press
°g 03 ¢ : ® [22, 23]. Within the framework of studies of hyd-
=02 ® rocarbon evaporation process the total mass trans-
0 02 04 06 08 1 fer from the surface of oil (oil product) of C1-C1o
Relative time loading © hydrocarbons is of interest (Fig.1) [24, 25].

o1 02 03 Mass transfer decreases over time, as the gas
space above the oil (oil product) surface becomes
Fig.1. Dynamics of mass transfer from the surface saturated and prevents further evaporation [26, 27].
ofthe oil in the process of tanker loading operation However, there are a number of secondary effects
b ANTONgls_ iﬁ,};ﬁgﬂj CASTOR™ that can prevent the smooth nature of this function:
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tanker's motions/rolling; non-uniformity of the gas removal system; internal convective fluxes;
changes in temperature [27, 28]. The principal diagram of vapor release during cargo loading provides
a line: “tanker gas system — gas phase pipeline — vapor recovery unit — gas vent” (Fig.2) [29, 30].
Values for pressure and temperature in the loading process are taken from data of the automated
workstation of the vapor recovery unit dispatcher [31, 32]. Part of the information is obtained from
the tanker's automation systems (pressure in tanks, oxygen content, and temperature in tanks) [33, 34].
A representation of oil vapor displacement during tanker loading is shown in Fig.3.
The equation of state of the gas-air mixture in differential form is:
d—PV+d—VP=d—GRT, (1)
dt dt dt
where V — the volume of the tanker’s gas space, m®; P — pressure in the gas space of the tanker, Pa;
R — the gas constant for the component mixture (based on the average molar mass of the vapor),
J/kmol-K; T — the temperature inside the gas space of the tanker.
As a result of reducing the equation to a non-dimensional form, it is found that the rate of pressure
growth in the inner tanker volume capacity is determined by the following differential equation:

d 2 -1
d—i’(l—r)zy+\|/(1—(1—§)T )_yT )

Fig.2. Schematic diagram of gas vent systems of the tanker, coastal and berthing facilities

1 - node protection berthing facilities fender; 2 — double housing; 3 — tanker; 4 — mast riser; 5 — a stander removal of the gas phase;
6 — shut-off and control valves; 7 — detonation arrestor; 8 — the pipeline of the gas phase; 9 — VRU; 10 — gas vent;
Qcam — flowrate gas-air mixture; J — mass transfer

Rising oil level reduces free space
_~~ and leads to displacement of vapors

Oil evaporation surface area

Fig.3. Schematic representation of oil level rise (one compartment is shown in section) and oil vapor displacement during tanker loading
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where y — dimensionless pressure; T — dimensionless time; y — similarity criterion for the contribution
of mass transfer to the pressure growth dynamics; 6 — similarity criterion for the contribution of hy-
draulic resistance to the pressure growth dynamics; & — dimensionless ratio for mass transfer;

P
y P 3
JFRT
Y= ; 4)
Qload I:>end

ﬂ L,
Qload 7\’ Bﬁ
e _ .

TSRT ©

=t (6)
Tload
‘] d

—_ Yen , 7

£ 3 (7)

start

Pend — pressure at the endpoint; F — evaporation surface area; Qioad — Oil filling flow rate of the tanker;
A — hydraulic resistance coefficient; D — pipeline diameter; S — cross-sectional area of the gas phase
pipeline; t — the current time since the beginning of loading; ticad — full filling time; Jend, Jstat — Mass
transfer at the final and starting points of time.

From the dimensionless point of view the dynamics of pressure changes are described by a func-
tional dependence of the form:

y=f(v.0,&1). (8)

The dependence (8) can be used as a reference in the construction of bench equipment to test
working hypotheses on the operation of vapor recovery systems and gas removal systems on small-
scale units in laboratory conditions [35]. The value of hydrocarbon losses at the opening of mast riser
should be determined based on the mass flow rate of the gas-air mixture through the ventilation sys-
tem of the tanker:

Sy \[Por I* = Py 2
Gmr _ vent [ mr] atm ’ (9)

ﬁ\/zln [Em']+x Ler g

atm vent

where Svent — flow area of the pipeline of the tanker ventilation system; [Pm:] — mast riser opening
pressures; Pam — atmospheric pressure; T — gas-air mixture temperature; Less— effective length inclu-
ding local friction drag; Dvent— pipeline’s diameter of the tanker ventilation system; R — universal gas
constant; & — a factor that takes into account the degree of opening of the mast riser.

The mass flow rate is related to the volumetric flow rate by the following equation:

Gmr = erpGAM, (10)

where Qmr — volumetric flow rate of the gas-air mixture through the mast riser; pcam — gas-air mixture
density.
The total hydrocarbon losses through the mast riser per year should be determined from the
equation:
Gan = er cav Tmr Nnum, (11)

where cay— average concentration of hydrocarbons in the emission, g/m?; tmr — average length of time
the mast riser is open; Nnum — the number of cases of opening a mast riser per year.
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Estimated calculation of damage in value terms:
ED = Gail ovoc + Gall Seff Gerude, (12)

where ovoc — fee rate for the emission of 1 t of the amount of hydrocarbons C1-Cio; Setf — predicted
degree of the gas-air mixture refining; cerude — cost per 1000 m?2 of oil.

Discussion of the results. The developed model was tested on the data of real tanker loading,
and a number of practical results were obtained (results in Table). Basic data on tanker loading: tanker
deadweight — 106208 t; dimensions — 241x44 m; inert gas — exhaust gases; oil density — 0.872 t/m?
at 20 °C; saturated oil vapor pressure — 54.3 kPa; duration of loading — 14.21 h. The results of appro-
bation of the developed model on the data of real loading operation are shown in Fig.4.

Because the model showed satisfactory convergence, (discrepancies do not exceed 10 %) with
the data collected during the loading operation, it is proposed to apply its results to estimate losses in
case of opening of the mast riser. The highest pressure is reached from two hours after the start of
loading at a linearly increasing pumping rate [36]. At these moments it is not rare for tankers to open
the mast riser. Calculations are given by the example of operation of the tanker gas removal system
and vapor recovery adsorption unit in the port of Kozmino (Fig.5).

Results of approbation of the mathematical model

Time from the beginning | Pressure according to the tanker's Prefs iﬁ retlnlzhe |nner;,_pace
of the loading operation, h automatics systems, Pa ot the tanker according
to simulation results, Pa
0 101815 101815
1 103596 104081
2 103899 104159
3 107643 108083
4 108681 108651
5 108894 108544
6 108837 108357
7 108702 108742
8 108550 108730
9 108399 108274
10 108253 108268
11 104983 105313
12 104891 104886
13 105585 105820
14 103946 104236

109325

108325 K Y-l
107325 ad

106325 ‘
105325 )
104325 /
103325 /o
102325 /'

1013259
0 1 2 3 4 5 6 7 8 9 10 11 12 1314 15
Time elapsed since the start of the loading operation, h

Absolute pressure inside
the tanker, Pa

Fig.4. Results of approbation of the mathematical model

1 — automatics data of tanker “MASTERA”; 2 — the results within the developed model;
3 — opening area mast riser
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Oil tanker

Vapor recovery unit

Loading arm

Fig.5. Schematic diagram of vapor displacement from a tanker to a vapor recovery unit

On the basis of the developed technique of the damage estimation, connected with opening of
the mast riser, there were made forecast calculations of the given value with the average mass content
of hydrocarbons C1-Cio 273.52 g/m® and degree of cleanup of the gas-air mixture of 72.6 % [37, 38].

The results of calculations of damage caused by opening the mast riser (based on 50 mast riser
openings per year, which is taken from the average operating data) [39]: estimated hydrocarbon losses
per loading — 12.3 t; estimated annual hydrocarbon losses — 615 t; damage in value terms for 1 year
(including the value of the irretrievably lost product) — 26.623 million rub.

The damage in cost terms can either be completely eliminated or minimized in the case of
operational management of tanker loading and control over the operation of the vapor recovery unit
systems [40, 41].

Conclusion. As part of the study, for the first time a generalized model of the dynamics of pres-
sure growth in the gas space of the tanker was obtained, and the resulting solution was tested on the
data of real loading in the oil terminal. It was found that the pressure change during the loading
operation is non-linear and has a local maximum. In order to avoid the opening of the mast riser, it is
necessary to ensure such loading modes, which are outside the area of critical pressures. It has been
established experimentally, that the quantitative content of hydrocarbons C1-Cio increases with the
process of loading, at its initial stage light components (methane, ethane, propane, butane) evaporate,
and at the final stages hexane and higher hydrocarbons Cs+ evaporate. Within the framework of the
developed model the possible reserve for the reduction of emissions into the environment at the opening
of the mast riser was rated. Operational management of tanker loading allows reducing emissions by
saving about 26 million rub. per year.

The conducted research provides a scientific basis for the measures to reduce losses and improve
the efficiency of vapor recovery units’ operation. In the future, this research will allow not only to
increase efficiency of domestic units within the own developments in line with the import substitution
programs, but also to provide secure, resource-saving, environmentally friendly operation of oil
terminals.
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Abstract. This paper presents the use of accelerated electrons to treat zeolite-bearing rocks from Eastern Transbaikalia
to increase the efficiency of separating zeolites from rock-forming minerals via electromagnetic separation. The effec-
tiveness of the liberation of zeolite minerals using accelerated electrons was analyzed. The results of dry electromag-
netic separation of zeolite-bearing rocks are presented. The dependence of the extraction of iron-bearing minerals from
zeolite-bearing rocks by electromagnetic separation on the magnetic field intensity for different particle sizes has been
established. The main methods of zeolite-bearing rock enrichment and ore preparation were determined. A technolog-
ical scheme for processing zeolite-bearing rocks, based on the use of accelerated electron treatment at the ore prepara-
tion stage, is presented, significantly improving the zeolite production quality.
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Introduction. The intense development of the mining industry is accompanied by technologies
that generate a considerable amount of industrial waste that is not subject to disposal and processing
[1, 2]. The accumulation of substantial volumes of waste rock and beneficiation tailings leads to se-
rious economic and environmental problems in the areas where they are located [3, 4]. Most waste
rock dumps and tailings storage facilities, which are a legacy of the 1990s and 2000s, lack responsible
management, and combined with newly generated waste from the mining industry, they inflict sig-
nificant harm on the environment [5, 6].

The solution to the problem of the negative impact of mining and processing waste on the envi-
ronment is to use effective tools for managing industrial materials [7, 8]. This includes the adoption
of best available technologies and materials capable of reducing the contents of toxic and radioactive
elements in waste, preventing or significantly reducing dust and gas emissions from them and restor-
ing land disturbed by anthropogenic activities while adhering to principles of conserving mi-neral
resources, rationality, and complexity in their utilization [9, 10].

One of the most versatile tools in implementing environmental protection measures is sorbents,
which possess the required properties, primarily adsorption properties [11, 12]. Among naturally
occurring sorbents, zeolite-bearing rocks (ZCR) are highly effective, widely available, and cost-
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effective [13, 14]. The unique sorption and ion exchange properties of natural zeolites can be effec-
tively utilized in waste management systems of mining production [15].

Currently, ZCR are primarily used in backfilling mined-out spaces (mines and quarries) in com-
bination with waste rock and tailings from mineral resource storage and in road construction for tech-
nical purposes [14, 15]. Considering their unique properties, the potential of natural zeolites is in the
identification of effective approaches for their application in waste management systems of mining
production, significantly minimizing and preventing the negative impact of anthropogenic formations
on the environment [16, 17]. These tasks include the purification of exhaust gases, se-wage, and cir-
culating water, land reclamation, the preservation of tailings and waste rock, and the burial of toxic
and radioactive waste [18, 19].

The main limitation of ZCR application is the relatively low quality of mineral resources (zeolite
mineral content ranging from 35 to 60 %), despite significant reserves. Additionally, industry require-
ments for the quality of natural zeolites, including the adherence to international standards owing to
Russia's membership in various trade organizations, stipulate that impurities in zeolite products can-
not exceed 1-3 % [20, 21]. The vast majority of Russia's ZCR reserves consist of medium- and low-
quality common rocks containing a high percentage of rock-forming minerals (mainly quartz, feld-
spars, and iron oxides), limiting the widespread use of this raw material [22, 23]. This necessitates
the development of efficient beneficiation and modification technologies for ZCR to obtain zeolite
products. On the one hand, these products will allow us to rationally solve the complex issue of com-
prehensive utilization, disposal, neutralization, and processing of mining and production waste. On
the other hand, they will allow the creation of technologies used to control the physicochemical prop-
erties of natural zeolites to produce high-quality products [24, 25].

Previous studies [20, 26] have shown that utilizing accelerated electrons for pretreating raw min-
eral materials is an effective approach to modify their physicochemical and mechanical properties
selectively. This alteration results in reduced ore strength characteristics, increased selective disinte-
gration, and a considerable reduction in the duration of subsequent ore preparation operations, such
as milling. The impact of accelerated electrons promotes the selective liberation of mineral inter-
growths and enhances the efficiency of subsequent ore enrichment [20, 27].

The enrichment of ZCR depends on the similarities and differences in the technological proper-
ties of zeolites and rock-forming minerals, their textures and structures, and the mineral forms of iron
and silica in rocks as isomorphic inclusions and native minerals [20, 28]. The necessity of using
accelerated electron exposure and determining the optimal radiation treatment parameters lies in
achieving selective modification of the properties of Eastern Transbaikalia ZCR. Such alterations will
enhance the efficiency of their purification from rock-forming minerals, particularly through mag-
netic separation, and increase the adsorption capacity of zeolite minerals such as clinoptilolite, mor-
denite, and chabazite [20, 29].

The methodological and theoretical foundations of research in this field have been laid by well-
known domestic scientists [26, 30]. This study aimed to explore the feasibility of applying energy-
based treatments to significantly improve the quality of ZCR and obtain zeolite products with high
sorption properties.

Methods. Montmorillonite-clinoptilolite-bearing rocks from the Shivyrtuy, clinoptilolite-bear-
ing rocks from the Holinsky, and chabazite-bearing rocks from Talan-Gozagorsk deposits were used
as the research objects. The research methodology included exposing the ZCR to accelerated elec-
trons using an ILU electron accelerator developed at the Institute of Nuclear Physics of the Siberian
Branch of the Russian Academy of Sciences.

The ZCR samples were fed through a dosing hopper and conveyor into the accelerator, where
they were exposed to a beam of accelerated electrons. The irradiation dose ranged from 2 to 5 kGy.
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Maossbauer spectroscopy measurements were performed using an Ms-1104Em spectrometer. The
particle size of the studied rocks in the samples was 0.05-0.07 mm, and the mass of each sample
was 50-70 mg. The data processing of Mdssbauer spectra was performed using the Univem MS
program. The thermal studies of Eastern Transbaikalia ZCR after accelerated electron treatment
were conducted in an argon atmosphere at 20-1400 °C using an STA 449C instrument (Germany).
The heat capacity was determined to be 40-400 °C based on the baseline, standard (sapphire), and
sample.

The liberation coefficient of zeolite minerals was determined using optical microscopy after
milling zeolite minerals in a laboratory ball mill (MSHL, Russia) in two modes: conventional ZCR
milling and milling after pretreatment with accelerated electrons. The obtained data were mathema-
tically processed, and the corresponding functions and graphs were created. The electromagnetic sep-
aration of ZCR was performed using a 138-CE electromagnetic separator and a high-intensity isody-
namic field separator SIM-1 (particle size of 0.1 mm). The research involved granulometric, miner-
alogical, chemical, and X-ray phase analyses, infrared spectroscopy, scanning electron microscopy,
and optical-geometric image analysis.

The ZCR were studied using a JEOL-5300 analytical electron microscope with a Link-ISIS
energy-dispersive attachment, which allows to determine the chemical composition of the minerals
in the ZCR. The mineral composition of the ZCR was determined through quantitative X-ray phase
analysis using an ADRON-1 diffractometer. The study of the mineralogical characteristics of the
ZCR included determining the mineral composition and identifying the peculiarities of zeolite
mineral inclusions and their association with rock-forming minerals. The properties of minerals
extracted through directional ore preparation in combination with classical beneficiation methods
(gravity, magnetic, and electrical) were also investigated.

Optical microscopy was employed to determine the textural and structural characteristics of East-
ern Transbaikalia ZCR. Their phase composition was identified, and the properties and forms of the
minerals were studied. An ADP-1.5 diffractometer was used for the X-ray diffraction analysis. The
technological assessment of ZCR and the study of the distribution of minerals within them and in the
processing products were conducted through image analysis based on the optical-geometric research
methodology using the “Video-Master” complex.

Iron-bearing minerals in the Eastern Transbaikalia ZCR were present as mechanical microinclu-
sions and isomorphic impurities; therefore, Mdssbauer (nuclear gamma resonance) spectroscopy was
employed for this analysis. The sorption characteristics of ZCR were studied at 77 K via the nitrogen
adsorption method using an ASAP-2400 instrument (USA).

Discussion. The chemical analysis data of the ZCR from the Eastern Transbaikalia deposits
are presented in Table 1. The main components of ZCR were SiO2, Al203, Fe2O3, and magnesium,
sodium, and potassium oxides. The liberation coefficients of zeolite minerals during the milling of
ZCR from the investigated deposits, both without and with radiation exposure, are shown in Fig.1.
The rock size after milling is represented by curves 1 and 2, the size of zeolite minerals is shown
in curves 3 and 4, and the liberation coefficient was determined as the ratio of the areas under the
curves.

The use of low-dose (2-4 kGy) directional electron beam irradiation before milling increased
the liberation coefficient of clinoptilolite minerals from the Shivyrtuy deposit from 38 to 54 % and
from 46 to 62 % for clinoptilolite minerals from the Talan-Gozagorsk deposit. This confirmed the
effectiveness of this ore preparation method. Functions describing the relationship between extrac-
tion and particle size during the milling of Eastern Transbaikalia ZCR were obtained, allowing to
determine the increase in the liberation coefficient values of zeolite minerals after the electron beam
pretreatment:
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Table 1
Chemical composition of Eastern Transbaikalia ZCR
Average component content in deposits, %
Components
Shivyrtuy Holinsky Talan-Gozagorsk

SiO2 62.90 65.62 53.12

P20s 0.08 0.0004 0.33

Al203 13.61 12.21 16.63

TiO2 0.34 0.07 1.50

Fe203 3.00 1.25 11.40

FeO 0.14 0.06 0.32

CaO 0.61 2.07 5.82

MgO 151 0.64 1.97

Na20 1.36 1.90 3.45

K20 4.04 4.14 1.78

Stotal 0.007 0.016 0.041

MnO 0.11 0.14 0.08

H20 3.88 3.82 1.08

Others 8.173 8.0636 2.479
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Fig.1. Influence of accelerated electron irradiation on the grain size distribution of ZCR (1, 2),
zeolite minerals within the ZCR (3, 4), and the liberation coefficient of zeolites (clinoptilolite and chabazite):
a — grinding without accelerated electron treatment; b — grinding with accelerated electron treatment at a dose of 2 kGy

» milling without accelerated electron treatment: ZCR from the Shivyrtuy deposit — the size of

the milled rock is y=-24.08In(x) + 77.6; the size of zeolite in the milled rock is

= -19.67In(x) + 100.1; ZCR from the Talan-Gozagorsk deposit — the size of the milled rock is
y =-19.13In(x) + 100.5; the size of zeolite in the milled rock is y = -25.46In(x) + 88.7,

* milling after accelerated electron treatment: ZCR from the Shivyrtuy deposit — the size
of the milled rock is y = 0.027x? — 3.2307x + 97.4; the size of zeolite in the milled rock is
y =0.0223x? - 2.9383x + 97.5; ZCR from the Talan-Gozagorsk deposit — the size of the milled rock
is y = 0.0028x?> — 1.0157x + 95.2; the size of zeolite in the milled rock is y = 0.0022x? —
—0.9164x + 95.

Figure 2 shows the temperature dependence of the heat capacity of the original and treated ZCR
from the Talan-Gozagorsk deposit. Treating ZCR with accelerated electrons considerably affects this
parameter.

The results of measuring the heat capacity of the original and accelerated electron-treated ZCR
from the Shivyrtuy deposit showed that the initial heat capacities of both materials were identical
(1.6 J/g) with a maximum value recorded at 130 °C. The maximum absolute value of the heat capacity
of the ZCR from the Shivyrtuy deposit was considerably lower than that of the ZCR from the Talan-
Gozagorsk deposit, which was 2.3 J/g. The higher heat capacity is attributed to the higher hematite
content in the ZCR from the Talan-Gozagorsk deposit.
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The analysis of the Mssbauer spectroscopy
results of the initial and accelerated electron-
treated ZCR from the Talan-Gozagorsk deposit
revealed that the sextets correspond to hematite,
while the doublets correspond to montmorillo-
nite (Table 2).

Treating ZCR with accelerated electrons con-
siderably reduces the fine-dispersed hematite frac-
tion and increases the coarse crystalline fraction. 50 100 200 300 400
The accelerated electrons increased the iron con- Temperature, °C
tent in the ZCR by removing volatile components Fig.2. Temperature dependence of the specific heat capacity
and altering the magnitude of the resonance effect of ZCR from the Talan-Gozagorsk deposit

. . . 1 — before exposure to accelerated electrons;
associated with the total iron content. 2 — after exposure to accelerated electrons
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Table 2

Results of Mossbauer studies of ZCR from Eastern Transbaikalia

Spectrum Isomeric shift 3, | Magnetic fieldson | Component Effect .
ZCR colranponent mm/s Fe5gH nuclei, kOe areapS, % magnitude €, % Interpretation
Talan-Gozagorsk field, C1(Fe*) 0.37 512 55.9 3.185 Hematite
original C2(Fe*) 0.39 491 18.4
C3(Fe®) 0.36 362 0.6 Goethite
hydrogoethite
D1(Fe*) 0.38 0 10.1 Montmorillonite,
D2(Fe®) 0.38 0 15.0 hydromicas
Talan-Gozagorsk field, C1(Fe®") 0.37 512 51.4 3.262 Hematite
processed C2(Fe*) 0.37 492 245
C3(Fe*) 0.36 362 15 Goethite
hydrogoethite
D1(Fe®*) 0.38 0 9.4 Montmorillonite,
D2(Fe®") 0.36 0 13.2 hydromicas
Shivyrtuy field, original C1(Fe*) 037 513 6.8 1.069 Hematite
D1(Fe?") 1.16 0 1.8 Olivine
D2(Fe?*) 1.07 0 45 Chlorite
D3(Fe*) 0.43 0 7.7 Montmorillonite,
D4(Fe®) 0.37 0 12.8 hydromicas
D5(Fe®) 0.37 0 66.4
Shivyrtuy field, processed C1(Fe*) 0.37 512 55 1.250 Hematite
D1(Fe?*) 1.16 0 1.7 Olivine
D2(Fe?*) 1.07 0 4.4 Chlorite
D3(Fe®) 0.41 0 9.3 Montmorillonite,
D4(Fe®") 0.37 0 7.6 hydromicas
D5(Fe®) 0.37 0 715

The impact of accelerated electrons on ZCR intensifies the process of liberating intergrowths
and separating zeolite minerals from rock-forming ones. The most significant effect on altering the
technological properties of ZCR from the Shivyrtuy and Talan-Gozagorsk deposits was observed at
low doses of accelerated electron exposure, specifically 2-4 kGy. When processing ZCR with a beam
of accelerated electrons at low current densities, defects form in them. With a further increase in the
absorbed energy (from 1 to 10 J/g), charge accumulates, leading to electrical breakdown in the ZCR.
In this case, the discharge has a pulsating character, resulting in the formation of microcracks
[21, 26], which considerably weaken the rocks, particularly along the boundaries of intergrowth be-
tween zeolite minerals and rock-forming minerals, determining the efficiency of subsequent selective
disintegration [30, 31].
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When ZCR from the Shivyrtuy and Talan-
Gozagorsk deposits were exposed to accelerated
electrons, it significantly altered their granulo-
metric composition during milling and allowed
for a more selective liberation of zeolite mine-
rals (clinoptilolite and chabazite), improving
subsequent magnetic and electrostatic separation
processes. The electricity consumption was
0.6 KWh/t. The use of radiation treatment as
a part of ore preparation operations, in combina-
tion with electromagnetic and electrostatic sepa-
ration methods, reduced iron-containing minerals
in the ZCR concentrates from the Shivyrtuy de-
posit from 3.14 to 0.36 % and from 11.2 to
0.12% from the Talan-Gozagorsk deposit.
Radiation treatment increased the content of
coarse-grained hematite and the magnetic sus-
ceptibility of hematite from 14-25-1078 to
460-660 - 108 m®/kg, indicating the effective ap-
plication of electromagnetic separation in the en-
richment of ZCR.

When the results from the treatment of
Eastern Transbaikalia ZCR with accelerated
electrons were analyzed, we established tech-
nological dependencies, as presented in
Fig.3, 4. The coefficient of determination for
these dependencies was 0.9. Figure 3, a shows
the relationship between the extraction of iron-
containing minerals from ZCR from the
Shivyrtuy deposit and the magnetic field inten-
sity for different particle sizes. The relationship
between the extraction of iron-containing miner-
als from ZCR from the Talan-Gozagorsk deposit
and the magnetic field intensity for different par-
ticle sizes is shown in Fig.3, b.

Figure 4 illustrates the relationship bet-
ween the extraction of iron-containing minerals
by electromagnetic separation and the particle
size of ZCR during treatment with accelerated
electrons.

The following functions are used to show the
dependence of the extraction of iron-containing
minerals from ZCR subjected to accelerated elec-
tron treatment on the magnetic field intensity of
the separator for different particle sizes (see
Fig.3). For ZCR from the Shivyrtuy deposit:
y = 1.015In(x) + 81.35 (particle size —2+1 mm),
y = 6.693In(x) + 45.65 (particle size —1+0.5 mm),
y =4.518In(x) + 62.84 (particle size —0.5+0.3 mm),
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y = 2.393In(x) + 81.02 (particle size —0.3+0.1 mm). For ZCR from the Talan-Gozagorsk deposit:
y = 2.5232In(x) + 74.86 (particle size —2+1 mm), y =4E —06x?>—0.01x + 97.45 (particle size
—1+0.5 mm), y = 1.0241In(x) + 90.49 (particle size —0.5+0.3 mm), y = 0.561In(x) + 95.35 (particle
size —0.3+0.1 mm).

The study of the dependence of iron-containing mineral content on the particle size of ZCR
treated with accelerated electrons (after magnetic separation) showed that as the rock particle size
increased from 0.07 to 0.1 mm, the iron content increased as follows. For the ZCR from the Shivyrtuy
deposit, the iron content increased from 0.35 to 0.85 %. For the ZCR from the Talan-Gozagorsk de-
posit, the iron content increased from 0.1 to 1.1 %. The dependence of the extraction of iron-contain-
ing minerals from ZCR on the particle size (Fig.4) (after treatment with accelerated electrons) is
described by the following functions: y = —3.647In(x) + 95.07 (for ZCR from the Shivyrtuy deposit)
and y = —4.74In(x) + 92.89 (for ZCR from the Talan-Gozagorsk deposit).

The study on the possibility of extracting iron-containing minerals from fine-dispersed accele-
rated electron-treated ZCR from Eastern Transbaikalia with a particle size of —0.1+0.074 mm using
magnetic separation in an isodynamic field allowed to determine the dependence of iron impurity
content in zeolite (nonmagnetic) products on their particle size. The corresponding functions cha-
racterizing the parameters of this dependence were determined: y = 6.539x + 1.3262 (for ZCR from
the Shivyrtuy deposit) and y = 30.385x — 0.2685 (for ZCR from the Talan-Gozagorsk deposit).

The radiation treatment with accelerated electrons of ZCR from the Shivyrtuy and Talan-
Gozagorsk deposits increased the extraction of iron-containing minerals by electromagnetic separa-
tion to 98.3 and 99.5 %, respectively. This ensures the production of high-quality zeolite products
that can be used in various industrial sectors and in waste management technologies in mining. The
greatest effect was achieved at a magnetic field intensity of 1450 kA/m and a particle size of —0.3+0.1
mm (Table 3). The enrichment of ZCR in an isodynamic field is characterized by high iron impurity
extraction rates at a particle size of 0.1 mm (Table 4).

Table 3
Results of dry electromagnetic separation of ZCR from Eastern Transbaikalia with a particle size of —2+0.1 mm
Average Fe - Fe minerals Other
Deposit Particle size, mm impurity content Zire]ollrt(;adicé?tg/nt content in zeolite impurities Yield, %
in raw material, % P 0 product, % content, %
Shivyrtuy —2+1 3.14 73.50 1.78 24.72 9.4
-1+0.5 84.20 111 14.69 184
—0.5+0.3 85.90 0.88 13.22 27.7
—-0.3+0.1 88.90 0.36 10.74 44.5
Talan-Gozagorsk —2+1 11.2 70.10 8.17 21.73 8.8
-1+0.5 75.20 3.74 21.06 17.1
—-0.5+0.3 84.90 1.08 14.02 23.2
—-0.3+0.1 89.60 0.12 10.28 50.9
Table 4
Results of dry electromagnetic separation of fine-dispersed ZCR in an isodynamic field
A Extraction of Fe Mass fraction of Fe
Deposit m:ﬁ:ﬁtwg:}% Stgl:]rrtehnt A Particle size, mm minerals from magnetic in magnetic Yield, %
Y, g, product, % product, %
Shivyrtuy 600 0.50 -0.1+0.074 89.7 924 44.7
—0.074+0.05 96.4 94.4 55.3
950 1.0 -0.1+0.074 93.3 95.6 475
—0.074+0.05 97.9 96.2 52.5
1450 1.57 —0.1+0.074 95.4 96.7 49.8
—0.074+0.05 98.2 97.1 50.2
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End of Table 4

) Magnetic field in- Current ) ) ) Extraction of Fe | Mass fraction_of Fe )
Deposit tensity, kA/M strength, A Particle size, mm minerals from magnetic in magnetic Yield, %
' ' product, % product, %

Talan-Gozagorsk 600 0.50 —-0.1+0.074 98.7 96.3 49.6
—0.074+0.05 99.1 96.8 50.4

950 1.0 —0.1+0.074 98.5 96.2 47.4

—0.074+0.05 99.2 98.1 52.6

1450 157 -0.1+0.074 98.3 97.4 46.1

—0.074+0.05 99.6 98.7 53.9

The application of directional methods, such as treatment with accelerated electrons, in the ben-
eficiation schemes of ZCR considerably enhances the adsorption capacity of natural zeolites (from
147 to 164 mg/g for ZCR from the Shivyrtuy deposit and from 246 to 287 mg/g for ZCR from the
Talan-Gozagorsk deposit) [28]. The increase in the sorption capacity of ZCR is achieved via the
extraction of iron-bearing minerals and the purification of the pore space of natural zeolites from
organic compounds, which is achieved through preprocessing using directional methods in combina-
tion with magnetic and electrostatic separations [32-34].

One crucial factor in developing beneficiation and processing technologies for ZCR is the ability
to comprehensively process ZCR and separate them from rock-forming minerals [30, 31]. The ob-
tained dependencies in the processing and beneficiation of ZCR from Eastern Transbaikalia allowed
to determine a rational sequence of operations in the technological scheme: crushing; enhancing con-
trast and altering physicochemical properties through directional treatment (treatment with acceler-
ated electrons); milling; and magnetic and electrostatic separation to obtain high-quality zeolite con-
centrate, iron-bearing (hematite, hydrogoethite, olivine, and pyroxene), and polymineral (quartz, pla-
gioclases, calcite, montmorillonite) products, which are sent for further processing or practical use.
In particular, the iron-bearing product can serve as a source of iron, while the polymineral product
can be used as a binder for backfilling mined-out areas [35-37].

Creating beneficiation technologies for ZCR involves the following: directed impact before
crushing and milling of the material used for disintegration and altering the contrast properties of
minerals; maximum extraction of Fe-bearing minerals by electromagnetic separation using separa-
tors with an isodynamic field; and extraction of nonmagnetic impurities through electrostatic sep-
aration.

Theoretical and experimental studies allowed us to identify the main methods of beneficiation
and ore preparation for ZCR, which are crucial for developing the technology selection algorithm for
the beneficiation of ZCR from Eastern Transbaikalia (Table 5).

Table 5
Separation methods for ZCR depending on the mineral composition
Separated Main associated minerals Concentration methods
mineral
Zeolite Feldspars, micas Crushing in rotary crushers and milling in ball mills.
> 50 um Directed treatments (accelerated electrons).
Electromagnetic separation (for fine-dispersed ZCR using an electromagnetic sepa-
rator with an isodynamic field).
Electrostatic separation
Clay minerals Directed treatments (accelerated electrons).
<50 um Electromagnetic separation using an electromagnetic separator with an isodynamic
field.
Electrostatic separation with heating and electrification
Minerals of the quartz group, | Crushing in rotary crushers and milling in ball mills.
clay minerals Accelerated electrons.
Electrostatic separation
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The proposed systematization allows us to determine the number of stages in ore preparation,
select the necessary type of impact on ZCR, and develop rational processes for their enrichment and
processing, which determines the efficiency of separating zeolite minerals from rock-forming mine-
rals, taking into account technological properties (electrical conductivity and magnetic susceptibility)
and technological performance indicators. The experimental studies on the enrichment of ZCR serve
as the basis for the development of technological schemes for their enrichment.

The developed scientific and methodological foundations for the processing and enrichment of
ZCR have been tested under industrial conditions. The possibility of implementing the developed
technology for the enrichment of ZCR from the Talan-Gozagorsk and Shivyrtuy deposits in the pro-
duction complex of OOO “Scientific and Production Entrepreneurship Society “Zeolite” (Krasnoka-
mensk) was studied, resulting in the production of high-quality zeolite products. To achieve the re-
quired quality parameters of zeolite products, which meet the technical specifications, the following
processes should be introduced into the technological scheme:

« directed impact on ZCR before milling;

« electromagnetic separation in an isodynamic field to achieve the maximum extraction of iron-
containing minerals;

« electrostatic separation;

« electrification of ZCR with salicylic acid vapor to enhance the contrast of minerals separated
by electrostatic separation.

The technological scheme for the enrichment of ZCR is shown in Fig.5. The practical signifi-
cance of the results was confirmed by implementing the developed technology for ZCR enrichment

v.%| B.%| &%

100 s | 100 Initial ZCR —400 mm
Crushin
Ad, M9/9| Dentrwindow, NM g
246 0.4
—10 mm
Directed impact
Mil+ing
Drying, dedusting
Dust R
y —0.05 mm
+2 mm Screening
_I 1—1—2 mn1—0.5+1 mml—0.5+0.3 mml —0.3+0.1 mm
"
—0.1+0.05 mm

Electromagnetic separation

Nonmagnetic fraction

L 4

Magnetic fraction
Electrostatic separation

Nonconductive fraction

Conductive fraction

r

i
Zeolite product Aggregate product
(for adsorption processes) (for the construction industry)

v.% | B.% | &% v.% | B.% | &%

96 98.8 | 99.8 4 085 | 0.2
Adv mg/g Demr.window; nm . R R R R

287 0.7 Fig.5. Technological scheme for processing ZCR from Eastern Transbaikalia [21]
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in the techno-economic calculations of OOO “Scientific and Production Entrepreneurship Society
“Zeolite”.

The assessment of the economic efficiency of implementing the technology for processing nat-
ural ZCR at the beneficiation plant of OOO “Scientific and Production Entrepreneurship Society
“Zeolite” showed that the cost for obtaining high-quality zeolite product with a monomineral content
of up to 99.1 % will be approximately 10,000 rubles per ton, and the market price of the pro-duct of
the appropriate quality will be up to 100,000 rubles per ton. The calculations justify the environmental
and economic feasibility of using directed interventions during the preparation stage of ZCR from
Eastern Transbaikalia. Thus, the implementation of the proposed technologies for the beneficiation
and processing of ZCR from Eastern Transbaikalia is sufficiently effective, with a discounted pay-
back period of one year.

Conclusion. In this study, it was determined that accelerated electron treatment of ZCR from
Shivyrtuy and Talan-Gozagorsk deposits significantly altered the granulometric composition during
milling and provided a more selective liberation of zeolite minerals (clinoptilolite and chabazite), thus
improving the subsequent processes of magnetic and electrostatic separation. The use of radiation treat-
ment as an ore preparation operation in combination with the electromagnetic and electrostatic separa-
tion methods contributes to the reduction of the Fe-containing mineral content in concentrates from
3.14 t0 0.36 % and from 11.2 to 0.12 % for ZCR from Shivyrtuy and Talan-Gozagorsk deposits, re-
spectively. The radiation treatment increased the content of coarse-crystalline hematite and the mag-
netic susceptibility parameter of hematite from 14-25 - 10~8 to 460-660 - 10~ m3/kg. This enables the
effective use of electromagnetic separation during ZCR beneficiation and the production of high-
quality zeolite products, which can be used in various industries and in waste management technolo-
gies in the mining industry.
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Abstract. The specific share of the reserves of hard-to-recover hydrocarbon raw materials is steadily growing. The
search for technologies to increase the hydrocarbon recovery factor is one of the most urgent tasks facing the oil and
gas industry. One of the methods to expand the coverage of oil reserves and increase oil recovery is to use the technol-
ogy of drilling multilateral wells with a fishbone trajectory. In the Russian Federation, the most branched well was
drilled in the Republic of Sakha (Yakutia) at the Srednebotuobinskoye oil and gas condensate field. The main object
of development is the Botuobinsky horizon (Bt reservoir). About 75 % of the geological reserves of the reservoir are
concentrated in a thin oil rim with an average oil-saturated layer thickness of 10 m with an extensive gas cap. This
circumstance is one of the main complicating factors in the development of the Srednebotuobinskoye oil and gas con-
densate field. For such complex wells, one of the most important design stages is to determine the optimal location of
the fishbone well in an oil-saturated reservoir. The article shows the results of sector modeling in the conditions of the
Srednebotuobinskoye field to determine the optimal location of multilateral wells using Tempest simulator.
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Introduction. The Srednebotuobinskoye oil and gas condensate field (SBNGKM) in the Repub-
lic of Sakha (Yakutia) was discovered in 1971 and put into commercial operation in 2013 as a result
of the expansion of Rosneft’s activities and the development of the region [1-3].

The main development target is the Bt reservoir of the Botuobinsky horizon, which contains
77 % of the initial recoverable oil reserves and provides 99 % of its production. The main design
solution for the Botuobinsky horizon provides for the use of a system of horizontal wells 1250 m long
with a distance between well rows of 300 and 100 m [4-6].

The Botuobinsky horizon is represented by terrigenous sandstones deposited in coastal-marine
conditions. The bar-like body, the axial part of which strikes northeast, was formed during the slow
transgression of the marine basin. To the northwest of the deposit, a vast lower beach zone extended
along the gently sloping coast. The bar-like body itself is probably formed by tidal and alongshore
(northeastward) currents [7-9].

Taking into account the complex geological structure of the field, one of the main directions of
development of the SBNGKM is the construction of multilateral fishbone wells [10-12]. Multilateral
fishbone wells got their name because of the external similarity of the structure with a fish bone
(Fig.1). Due to their design features, they cover a much larger field area compared to a single hori-
zontal well, thereby increasing well productivity and reducing drilling costs [13]. A multilateral well
with several branches from the main horizontal wellbore makes it possible to replace several single
horizontal wells, increasing the profitability of the entire project [14, 15]. In addition, this technology
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is practically the only way to effectively de-
velop thin under-gas oil rims, since other com-
mon technologies for increasing productivity,
such as hydraulic fracturing, cannot be applied
with similar complications that are typical for
SBNGKM [16-18].

The technical characteristics of the fish-
bone well, which were used in the simulation,
are as follows: the total horizontal part in
the reservoir is 6052 m; main shaft length
1406.6 m; number of sidetracks 9 m; sidetrack Fig.1. Sector model used in calculations
length 334-1006 m; depression on the reservoir
5 atm; oil-saturated capacity 14.4 m.

The problem of choosing the optimal well placement in the gas-oil-water zone of the reservoir
is primarily due to the presence of an extensive gas cap, which can break through to the wells, thereby
stopping the production process from the well [19-21].

The closer the well is located to the gas-oil contact (GOC), the earlier we observe gas break-
through, respectively, the shutdown of the well occurs in a relatively short time, which leads to
a significant decrease in cumulative oil production. On the other hand, if the well is located in the
immediate vicinity of the oil-water contact (OWC), thereby moving it as far as possible from the
GOC level, there is a breakthrough of bottom water, rapid watering of the produced product, which
in turn also leads to a decrease in cumulative production oil.

Due to the high salinity of reservoir waters of the SBNGKM, the problem of reservoir water
breakthrough in wells is not as acute as gas breakthroughs from the gas cap [22].

It can be concluded that for a certain sector of the field there is an optimal location of the well,
in which we can get the maximum cumulative oil production, and, accordingly, the maximum eco-
nomic benefit. An effective solution to the problem can be obtained solely with the help of hydrody-
namic modeling, considering different options for the location of the well in the oil-saturated thick-
ness, analyzing the main technological indicators of field development at each location and focusing
on such an indicator as cumulative oil production [23, 24].

The novelty of the project is to substantiate, using hydrodynamic modeling, the optimal location
of a multilateral fishbone well with nine branches with a total length of a horizontal wellbore of
5050 m in an oil rim with a thickness of 11 m in difficult geological conditions of the SBNGKM.

Methods. The calculations were carried out on the Tempest MORE hydrodynamic simulator
manufactured by Roxar (Emerson Group Company). The simulator is a tool for numerically solving
the problems of fluid movement in a reservoir and allows performing the following basic opera-
tions: numerical solution of the equations of conservation and filtration of phases and components,
analysis of filtration flows and calculated technological indicators, modeling of measures to control
the development process.

The calculations were carried out on a sector model consisting of 112746 cells with dimensions
of 1425x901x23 m (Fig.1). The absolute depth of the gas-oil contact is 1562 m, the depth of the
water-oil contact is 1573 m. The calculations were carried out for a multilateral well (MGZS) fish-
bone, consisting of the main horizontal wellbore 1050 m long and nine branches 500 m long. The
total length of the horizontal wellbore is 5050 m. The main goal work is to determine the optimal
location of the MSGS in the oil-saturated part of the reservoir. Calculations were carried out ac-
cording to the following main technological indicators: cumulative production of oil, gas, liquids;
flow rate of oil, gas, liquid; gas factor.

The calculations were carried out for 50 years for different options for the location of the
MGZS along the oil-saturated thickness in the range of 1563-1572 m (the options for the location
of the fishbone well varied from 1 to 10 m from the gas-oil contact zone).
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a Figure 2 shows the relative phase perme-
ability of the fluids included in the model.
The main pressure-volume-temperature

z 08 (PVT) properties of the fluid and the porosity
§ 06 and permeability properties of the reservoir, in-
5 cluded in the model: oil density 864.2 kg/m?;
§ 04 molecular weight 1000 kg/m?®; gas density
= 0.822 kg/m?; reservoir water density at rese-
“ 0 rvoir conditions 1236 kg/m?3; water com-
' pressibility 0.255 atm™; reduced pressure
140.1 atm; viscosity 8.0 cPs; critical water

0 0.2 0.4 0.6 0.8  saturation 0.23; critical gas saturation 0.05;

Gas saturation residual oil saturation in water 0.31; residual
oil saturation for gas 0.43; residual water
saturation 0.08; permeability 369.3 mD; po-
—8— Relative phase permeability of oil in the presence of gas rosity 0.16.

The discussion of the results. As a re-

=8 Relative gas permeability in the presence of oil and bound water

b sult of the simulation, the following results
1.2 4 were obtained. Figure 3 shows the dynamics
n 35 of oil production for different well locations.
z 3, Well location depths ranging from 1563 m
% 0.8 . 2 (the closest location t o the GOC) to 1572 m
£ ~ £ (the furthest location from the GOC) were used

& 06 2 2 asdesignation of the well location options.
£ o4 1573 From the analysis of dependences in
g 1 Fig.3, one can see how the well flow rate will
0.2 05 change during the development period
(50 years). When modeling in the Tempest

G0-0——= =3 < 0—0—0 .. .

0 0.2 04 0.6 08 1 software product, a limitation was set — the

maximum liquid flow rate was 60 md/day.
In addition, for this field, a GOR limit of
2400 m*/m?® was set (Fig.4) that corresponds
to gas breakthrough. Figure 4 shows a step-
wise decrease in the flow rate, which is typical
Fig.2. Relative gas-oil (a) and water-oil (b) for the estimated achievement of the gas factor
phase permeabilities and corresponds to a decrease in the flow rate
in order to limit the gas inflow. From the anal-
ysis of the GOR data, one can clearly see how long it will take gas to break through from the gas cap
into the well, which is equivalent to stopping the well for SBNGKM conditions. Due to inherent
limitations in the Tempest simulator, when the maximum value of the GOR is reached, a decrease in
the flow rate is observed. Gas breakthrough into the well for the case of the maximum distance from
the GOC (1572 m) will occur by 2031, for a well with a depth of 1571 m — by 2030, and for a well
with a depth of 1570 m — by 2029.

Analysis of the water cut calculation results (Fig.5) at different depths of the MGZS location
shows that the water cut of the well production reaches 0.24 m%m? by the time of gas breakthrough
for the case where the well is located at a distance of 1 m from the OWC. For depths up to 1567 m,
there is a slight increase in water cut to 0.01, for depths of 1568; 1569; 1570; 1571 and 1572 m —
increase in water cut up to the moment of gas breakthrough up to 0.02; 0.07; 0.13; 0.18 and
0.24 m3/m?, respectively.

Figure 6 shows the cumulative oil production at different depths of the fishbone well.

Water saturation

=8 Relative permeability of oil in water at zero gas saturation
=8==_Relative permeability of the aqueous phase at zero gas saturation
Capillary pressure in the oil-water system
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Based on the results of calculating the main technological indicators for different location of the
fishbone well in the oil-saturated thickness, it can be concluded that the location of the multilateral
well at a depth of 1571 m (9 m from the GOC) is optimal in terms of cumulative oil production, which
will be 440,000 m? after 50 years of operation. At the same time, the cumulative oil production by
the beginning of the gas breakthrough is of greater interest, which is tantamount to shutting down the
well. With such a consideration, it can be concluded that the well with a depth of 1571 m shows the
best results in terms of “cumulative oil production”. By 2031, the cumulative oil production from
a 1572 m well will be 274,000 m?; by 2030, the cumulative oil production from a 1571 m well —
280,000 m?; by 2029, the cumulative oil production from a 1570 m well — 267,000 m®.

The adopted optimal wiring for gas-water-oil zones at the SBNGKM corresponds to the option
with a 2-3 m distance from the water-oil contact, which is confirmed by the calculations. However,
it should be taken into account that for the conditions of development of the SBNGKM, due to the
thickness of the oil-saturated layer and the size of the gas cap changing over the area of the field, it is
necessary to drill the well individually for a certain area of the field depending on the existing re-
strictions [25, 26].

An important feature of the SBNGKM, which should be taken into account when drilling a well,
is the presence of an inclined oil-water contact. According to the results of the data from the wells of
the SBNGKM, it is possible to map the inclined oil-water contact. In this case, a layer with increased
viscosity is found in the contact zone. The current working version of the presence of a non-horizontal
OWC is accepted as “relatively young neotectonic movements, the consequences of which are cur-
rently not fully compensated by gravitational forces due to the high viscosity of oil in the lower part
of the deposit and the low phase permeability of water” [28].

The existence of inclined oil-water contacts in fields, especially those associated with the an-
cient deposits is an established fact. Attempts to explain the nature of the OWC slope are still
debatable [30].

At the SBNGKM, in the intervals of 1564-1580 m, there is a slight inclination of the OWC in
the southeast direction. According to the results of well logging, core study and analysis of reservoir
samples approximately in the indicated intervals, an oil layer with an increased viscosity is estab-
lished. This observation is confirmed by the results of field and laboratory studies of reservoir fluids
and core. According to laboratory analyzes of deep interval oil samples, an increase in oil viscosity
in the reservoir section is noted from 6.5-9 cP in the upper part of the section to 24-28 cP at the level
of water contact. The thickness of the high viscosity zone is 1-1.5 m [29-31].

Let us conclude that well drilling in the presence of high-viscosity oil zones can be carried out
even closer to the OWC. In this case, the high-viscosity oil zone will be a kind of screen against water
breakthrough into production wells. Thus, it is possible to justify the drilling of the well at the closest
possible distance from the OWC (closer than 2 m), thereby obtaining the maximum possible increase
in oil production.

The results of the work allowed us to draw the following conclusions:

1. With the help of hydrodynamic modeling, using the sector model of the SBNGKM, the opti-
mal location of the fishbone well was determined at an absolute mark of 1571 m, which corresponds
to a distance of 9 m from the GOC and 2 m from the OWC. At this location, the maximum value of
cumulative oil production is observed both until the moment of gas breakthrough into the well (which
is observed after 10 years of operation) and for the estimated period of 50 years.

2. The need for an individual approach to well drilling was determined, taking into account
changes in the thickness of the oil-saturated layer and gas cap in the field, as well as the presence of
zones with high-viscosity oil. Given these limitations and circumstances, it is possible to justify and
carry out well drilling at the closest possible distance from the OWC.

Conclusion. In the work, using hydrodynamic modeling, the optimal location of a multilateral
fishbone well with nine branches with a total length of a horizontal wellbore of 5050 m in an oil rim
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with a thickness of 11 m in difficult geological conditions of the SBNGKM was revealed. It is nec-
essary to further study and refine the zones of high-viscosity oils of the SBNGKM to make additions
and changes to the filtration model, at the same time it, is possible to justify the drilling of a complex
multilateral fishbone well at a minimum distance from the oil-water contact in certain zones of the
field, which will lead to an increase in the oil recovery factor in this field.
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Abstract. The scale of land pollution with oil waste necessitates the use of economical and effective methods of
recultivation. Phytoremediation is one of the simplest methods, but it has a number of limitations, so additional
preparation of the territory is often required before it is carried out. Preliminary electrical preparation and subsequent
seeding of special phytoremediants are of interest. Passing a constant electric current through the soil volume under
a low voltage removes toxicants from deep soil layers even with flooding. In addition, it reduces pollutant content
in the upper layer, where the plants root system is located, which creates more favorable conditions for phytoreme-
diants. Adequately selected types of plants will ensure additional soil cleaning, improve its structure and air ex-
change. The results of two research directions are presented. Experiments on the study of plant resistance to oil-
contaminated soil substrate allowed establishing contamination thresholds at which it is advisable to sow a particular
species, and to choose optimal phytoremediants. The study of the oil-containing soil cleaning in a monocathodo-
centric electrochemical installation with the fixation of main characteristics (oil products concentration, soil tem-
perature, volt-ampere characteristics) allows us to develop technical measures to prepare territories for phytoreme-
diation taking into account the relief features.

Keywords: phytoremediation; electrochemical cleaning; oil-contaminated soil; salinization; amperage; voltage; plants;
cleaning efficiency
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Introduction. Anthropogenic pollution and degradation of soils are one of the most acute
environmental problems. The total area of disturbed lands in the Russian Federation reached
1084.6 thousand hectares and continues to grow (an annual increase is to 7.7 thousand hectares)
according to the official report of the Ministry of natural resources and ecology in 2020. Most of
the disturbed territories belong to the category “industrial and other purpose lands™. The list of the
main soils pollutants varies depending on the prevailing industries (heavy metals and oil products,
residual pesticides and salts). The priority pollutants of oil-producing and oil-refining regions are
oil products and various accompanying salt solutions. An accurate assessment of the oil-contami-
nated area is not possible due to the difficulty of identifying relatively small local leaks and spills
[1]. The negative effects of the oil products on the environment are water-air imbalance, gluing,
soil structural elements enlargement, violation of the soils bearing capacity, micro- and mesofauna
suppression [2-4]. There is a wide range of soil-cleaning and remediation technologies with differ-
ent characteristics. The combination of such methods taking into account the specificity of the prac-
tical tasks is the most effective [5-9].
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Soil phytoremediation (i.e. the use of plants to remove pollutants and improve soil properties) is
one of the most cost-effective technical directions [10-12]. However, it does not always provide suf-
ficiently fast and effective cleaning. The intensity of phytoremediation significantly depends on the
temperature of the soil-air environment, the light regime, the presence of biogenic elements, the form
in which the toxicants are in the ground, etc. [13-16]. It should be taken into account that the ability
of plants to absorb chemicals changes under phytogeochemical stress [17]. The combination of phy-
toremediation with preliminary preparation of the territory by other technologies allows improving
the quality and speed of degradated lands remediation [18-22].

The preliminary preparation of the contaminated area by passing direct current through the soil
massif to remove toxicants and further phytoremediant sowing is very interesting [23-26].

The electro-induced processes prepare the surface layer for sensitive phytoremediant plants and
reduce the toxic components content at depth. So special wells are prepared in the soil by automatic
or manual drilling, taking into account the degree of oil products vertical distribution. Cathodes and
anodes connected to the power supply are mounted into wells. Small currents stimulate electro-oxi-
dative [27-30] and electrokinetic reactions [31-34], promote stable complexes destruction and toxi-
cants transformation into more bioavailable forms and cause other physicochemical phenomena [35].
The size, composition and texture of the electrodes are selected depending on soil properties, the
characteristics of the horizontal and vertical toxicants distribution, the required treatment time and
other conditions. The result of electrical remediation is the removal of various components (petroleum
products, heavy metals, desalination). Periodic change of the electrodes polarity are practiced to avoid
soil acidification during electrical treatment.

Objectives of this work are to establish the threshold values of oil pollution based on the analysis
and synthesis of experimental data, at which seed germination and further growth of the studied plants
are possible; to select tolerant plants species that are optimal for variable terrain and watering condi-
tions; to study the specifics of energy-efficient soil preparation to species — phytoremediants due to
preliminary electrochemical cleaning.

The presented research materials are aimed at developing the technology of complex recultiva-
tion of oil-contaminated soils. This technology includes higher flora species sowing with preliminary
electrochemical soil preparation, taking into account the relief and the moisture degree.

The considered combined remediation method can be implemented on various soils. The type of
plant (from the studied ones) that is optimal for specific conditions is selected at the phytoremediation
stage of research. Also additional measures can be taken to improve the soil structure (mulching,
organic fertilizers, claymation, etc.), if it is necessary. Electrochemical treatment is applicable on both
sand, loam and clay.

The possibility of growing some types of plants on oil-contaminated soil was considered in the
early works of the authors [36]. General patterns of electro-induced reduction of the oil products
content in soils were established [37, 38]. This work continues and expands the cycle of research in
these areas.

Methodology. The first stage of the experiments was studying the resistance of certain types of
higher plants to oil pollution by germinating them on soil with different oil concentrations and deter-
mining the seeds germination percentage. The ultimate goal of these experiments was to select tem-
perate zone plant species tolerant to oil pollution and to determine the threshold values of the toxicant
content during their germination. The second stage included the electrical treatment of oil-contami-
nated soil at an experimental laboratory installation with an assessment of the cleaning degree and
monitoring of the voltage, temperature, and acidity of the soil. These parameters allow defining the
intensity and features of the cleaning process. This stage is aimed at developing effective measures
for the preliminary preparation of heavily oil-contaminated soils for the subsequent selection of phy-
toremediants.
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Experiments were carried out with a model soil based
on leached chernozem. In all cases, oil with a density of |
0.876 g/cm® and a content (% by weight) of sulfur — 2.95, pa-
raffins — 3.1, resins — 14.6, mechanical impurities — 0.880 was
used to pollute the soil. Variations of the model soil were pre-
pared for different series of experiments. The model soil com-
position corresponded to the contaminated soil taken from the : : ;
spill sites at the oil field of the Republic of Bashkortostan. Re- Fig.1. Containers with seedlings
search was carried out at an air temperature of 20 °C and at- of tested Ipomoea purpurea

. P (first row on the left)
mospherlc humldlty of 67 %. and Fagopyrum esculéntum (2-4 rows)

The first stage. Experiments to determine the resistance
of higher plants species to soil oil pollution were carried out in spring and summer in the labora-
tory, and in autumn and winter with the use of the LCC-1000MP Diahan Labtech climate camera
(to clarify the results). The illumination in the climate camera was maintained 4000 lux with the
“day — night” photoperiod. The reaction of plants was studied by the method of seed germination
in model soils with different concentrations of the toxicant with the calculation of the germination
percent and further determination of the viable seedlings number.

First, the soil (leached chernozem) was prepared by removal of roots and small stones, sifting,
weighing. 100 g of soil was poured into plastic containers. Different volume of crude oil (1; 2; 5; 10;
50; 100 ml) was put into each sample using a pipette, and then the soil was thoroughly rubbed and
mixed to evenly contaminant distribution. Twenty seeds were sown in each container so that the soil
layer covering them was about 1 cm. Then 60 ml of tap water was added. The control was soil without
oil contamination. Three samples with each oil dose were prepared for experiments. The containers
were kept at a temperature of 20 °C and the illumination mode corresponding to the daytime of spring-
summer period. The number of seedlings was counted and the percentage of germination was deter-
mined after seven days in each container (Fig.1). The number of viable seedlines was recalculated to
determine their survival after two weeks.

The results were used to identify the main effects exerted by different volumes of toxicant on the
germination, with further detailed statistical processing.

The second stage. Electrotreatment of contaminated soil, which was carried out on a laboratory
installation with a cylindrical cell, centric placement of the cathode and peripheral placement of
anodes (Fig.2).

It is necessary to remember that highly mineralised
reservoir water become the limiting factor of plant develop-
ment during the remediation of oil field spills. Therefore, it is
important that the technology of preliminary preparation of
the contaminated area for sowing phytoremediants not only
reduces the oil products amount, but also desalinizes the soil.
Therefore, the model soil variants containing oil (1 and 10 %
by weight) and a solution of salts (40.8 % by weight)
were prepared for the electrical treatment experiments.
The composition of the salt solution corresponded to
the reservoir waters of the deposit included (mg/kg) [39]:
sodium chloride — 86000, calcium chloride — 10500, magne-
sium chloride — 5200, sodium sulfate — 4000, sodium bicar-

Fig.2. The diagram of the central
cathode and peripheral anodes installation

bonate — 400. d, — anodes diameter; d; — cathode diameter;
The central element of the electrochemical cell is a /imterelectrode distance; Ry —distance between the.
. . . . centers of the cathode and anodes; K — central cathode;

hollow cylindrical steel cathode with perforation on a surface U - voltage between the cathode and anodes
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(a drainage system for removing soil electrophoretic flow can be also connected, if it is necessary).
Anodes are installed along the perimeter of the radial cell, at an equal distance from the cathode. All
electrodes are connected to the corresponding pole of the power supply.

The installation used in the experiments had following characteristics: electrochemical cell di-
ameter — 0.3 m; the soil layer height is 0.1 m; the cathode was made of a perforated steel tube, the
anodes (with diameter 2.5 cm) are mesh cylinders (tubes) made of titanium with an oxide-ruthenium
coating; the cell capacity reached 3 kg of model soil.

Several series of experiments on passing currents through chernozem containing different oil
volumes were carried out. The constant amperage was maintained during the experiments: 0.8 A — in
a series of experiments with 1 % soil contamination, 1 A in — a series with 10 % contamination. The
use of these current values in each case is due to the fact that they are minimal, at which the voltage
change between the electrodes is recorded, so we can talk about the appearance of electro-induced
processes. The period of electric current passing was 360 min.

The oil products content in the soil was determined by IR spectrometry with the use of
KN-2m. The parameters of voltage, temperature, humidity, and acidity were recorded every
30 minutes in the cathode, anode, and interelectrode zones. Multimeter, RGK thermal imager,
digital soil moisture analyzer MC-7828SOIL, soil temperature and humidity analyzer HI9921
were used. Monitoring of these parameters allows determining the electrophysical reactions
intensity.

Results and their discussion. Experiments on the plants reaction to soil pollution
conducted over several years revealed some species resistant to the toxicants (Typha latifolia,
Phragmites communis [36], Fagopyrum esculéntum and Ipomoea purpurea). These species have
very different ecological niches, which allows them to be used at various territories.

Reliable inverse dependences of seed germination on the pollutants concentration were
established in all cases after results statistical processing (Fig.3). The seeds of Ipomoea and
Fagopyrum germinated more evenly, the seedlings condition was also more uniform in the same
samples.

Experimentally obtained data on the toxicant level at which the seeds germination is equal
to or exceeds the control values (i.e. a stimulating effect) are summarized in the Table. These
values can be taken as a threshold level of pollution at which the use of a particular type of plants
on oil-contaminated soils is effective. Moisture-loving Typha latifolia and Phragmites communis
were additionally germinated with reservoir waters (the seedlings appeared in the sample with
5 ml content).

a 70 b
. 60 . 80
g el
g 40 1 £
E 30 E 40
[0 [0
© 20 © o
10 5
0 T 0 " =
1 5 10 20 2 5 10 50 100
Oil content in the soil, ml Oil content in the soil, ml

Fig.3. The dependence of the seeds germination on the oil content in the soil:
a — experiments with Typha latifolia (1) and Phragmites communis (2);
b — experiments with Fagopyrum esculéntum (3) and Ipomoea purpurea (4)
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Parameter Typha latifolia Iz}(l)}:zi:;li:iess fzcngl?ri :Z:Z Ipomoea purpurea
Seed germination in the control, % 52 43 65 75
Oil volume in the sample
(germination is not less than control), 10 5 10 2
ml
Oil vol in th 1 100 100

il volume in the sample 3 30 (sngle (sngle

at zero germination, m seedling) seedling)
Regression equation, y=-2.642x2 + y=—4x’+ y=-6.964x2 + y=-5312x2+
describing the dependence +12.35x +42.8 +14.8x+32.2 +37.17x +33 +22.54x +56.25
Approximation reliability r?=0.988 ?=0.999 ?=0.918 r?=0.955

The seedlings remained viable for 14 days after their appearance in all series of experiments (the
period of monitoring their condition). They retain a green color without any damage to the leaf blades
or yellowing. Thus, the data obtained indicate high resistance of all four species to oil pollution. These
species can be used for seeding in polluted areas to improve soil properties both independently and
during the final stage of complex remediation (for example, after the preliminary electrochemical
treatment in our case).

Typha latifolia and Phragmites communis are moisture-loving wild-growing widely distributed
plants and can be used for the recultivation of oil-contaminated lowlands and swampy areas.
They can be sown at the territories of oil and reservoir water spills of oil deposits. It is necessary
to create an irrigation system, if sowing is carried out during the dry summer period for normal
germination and growth. These species are characterized by a decrease in the oil products
content in the root zone, including due to the increased activity of hydrocarbon-oxidizing microor-
ganisms [40].

The use of Amaranthus retroflexus L. after electrical treatment is also promising. It is a ubiqui-
tous weed resistant to an increased content of oil products and mineral salts in the soil (experiments
are planned).

Ipomoea purpurea is a climbing ornamental plant. It is suitable for use at urban territories with
moderate moisture, for example, for sowing after electrical treatment of gas stations soils, areas along
roads with fuel and lubricants spills, etc.

Fagopyrum esculéntum is a food and honey crops. However, it is recommended to use it exclu-
sively as an agrotechnical culture in the context of studies, since it has a very intensive interchange
of metabolic products between roots and leaves [41]. The issue of accumulation of harmful products
of toxicants transformation in various parts of the plant requires study; therefore, it is rational not to
eat the plant, when using it for final remediation.

All the studied species are unpretentious to environmental conditions, they are often found in a
temperate climate zone, seed material is easy to collect in the field (significant expenses for its pur-
chase are not required).

Studies of oil-containing soil cleaning by low currents with cathodocentric electrode separation,
which precede further phytoremediation, have shown significant efficiency. There was a decrease in
the level of o1l pollution in electrotreated soil (the cleaning degree is 47-65 %) in all cases. In addition,
the oil products distribution over the interelectrode zones gradually occurs: there are an increase in
their content at the cathode and a decrease at the anode (Fig.4).

The voltage increased from 8.9 to 9.4 V, when an electric current is passed through the soil with
1 % contamination. It varied in the range of 9.8-10.9 V in the soil with 10 % contamination. There is
an increase in soil temperature in the cathode zone (temperature gradient is up to 8 °C), while the
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temperature in the anode and in the middle
zones is almost the same (Fig.5). The use of

% 10000 — a thermal imager makes it possible to ana-
2 £ 8000 ‘l "N . lyze the soil temperature profile in the cell.
ég 6000 h--’ ’__/._.. The temperature zones highlighted in the
3% 4000 -~ ° _ images allow us to assess the electrical
© 2 2000 ) Anode conductivity of individual areas. Higher

3 L heating indicates the medium resistance

0 = / <" Interelectrode ) . ..
: / ' Zone increase and electrical conductivity decrease
3 """--éthode (the area with white-red coloring in Fig.5).
: : This means that salts dissociation, migration
Electrical treatment time, h . .. . : .
and reduction of active ions (i.e. desalination
. occurs) is taking place at this areas.

The pH distribution also confirms it. The
| alkaline medium is formed at the cathode as
a result of the hydroxyl ions formation. The
acidity increases in the rest of the electro-
chemical cell.

—_
(o
(=3
(=3
(=3
(=}

/

Oil products
concentration, mg/kg
(o]
(]
(=]
(=]
S

60000 {* | : ' '

ao00V” / Anode It is necessary to use special equations

20000/ / to estimate the energy consumption of this
|/ £ Interelectrode .. .

0¥ / / one method on cathodocentric installations, tak-

3/ ing into account the oil-contaminated soils

6 parameters changes (in particular, resisti-

Electrical treatment time, h vity) during the electrical process. The

energy parameters of electrochemical clean-

Fig.4. Spatio-temporal distribution of the oil products . . . . .- .
& b P P ing (including in the real conditions) will be

concentration in the soil in various series of experiments:

a — the minimum level of pollution (1 %); determined in this way. The total amperage
b — the maximum level of pollution (10 %) between the anodes and the cathode is deter-
mined by the equation [37]
USN
[=—-, (1)
pl

where N — is the number of anodes, pcs.; p — is the treating soil specific resistivity, Q-m; / — is the
interelectrode distance between the central cathode and the anodes, m.
The effective area of the electric current channel between the opposite charged electrodes are
determined as follows:
_ d, +d, o
2

N ; (2)
where H — is the contamination depth, m.
The interelectrode distance is calculated by the equation

b d, +d,

5 3)

Specific electricity costs (J/kg of
petroleum products) is determined by the
equation

a

l:Rak_

1
e, =—|Uldt, (4)
=)
where V' — is the oil-contaminated soil volume,
Fig.5. Thermal imaging of a radial cell with soil: m?; ¢o — initial concentration of oil products,
initial (a) and final (b) treatment stages kg/m3.
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The soil resistivity increases during the electrical treatment, as follows from experimental studies
[39]. The specific resistance change in time can be estimated in the first approximation by the
equation

p:p0(1+at); &)
o= Pr —Po ! , (6)
pO qspcOV

where po — 1s the soil resistivity at the initial moment of time, Q-m; px — is the final value of the soil
resistivity at the last stage of electrical treatment, Q-m; gs, — is the specific electric charge, which
should ensure the oil-contaminated soil cleaning, C/kg, ¢s, values were established for clay, sandy
soil and chernozem previously [39].

The specific energy consumption depending electrotheatment modes with constant value of am-
perage or voltage. So specific energy consumption for the constant voltage will be calculated with
the use of equations (4) and (5):

e ol jUza’t_ 1 I U’Sdt 1 U2$I d 1 U’S
PV RV p,(1+at)l ¢V pl T (1+ar) ¢V p,la

In (1+az); (7)

specific energy consumption with a constant amperage is

1 1 2
Eqp =%—Vj12p0(1+at)édt :%—Vlzp0é£t+%). (8)

The calculation of the energy efficiency of the laboratory installation using the above equations
and the experimental data obtained showed that the specific energy consumption is 0.1139 MJ per
1 kg of soil containing 1 % of oil.

The above methodology for determining energy consumption can be used in the design of spe-
cialized electrical cleaning installations for specific conditions, taking into account the properties of
oil-contaminated areas and their contamination degree.

Conclusion. The conducted experimental and theoretical studies in two scientific fields allowed
us to identify the main approaches for the implementation of a complex technology of oil-contami-
nated territories remediation.

Four types of plants — potential tolerant phytomeliorants suitable for the remediation of oil-con-
taminated soils of various territories have been selected. The thresholds values of the oil products
content in the soil, which are recommended to phytoremediation were defined. Reliable dependences
of seed germination on the oil products content have been established. It is proposed to use Typha
latifolia and Phragmites communis species on highly moist soils, including hollows and ravines filled
with water-oil emulsion and oil production brines (germination reaching and exceeding the control
value with oil content up to 10 and 5 ml in the sample). It is advisable to use the Ipomoea purpurea
in urban areas (the threshold volume of oil in the sample is 2 ml). Fagopyrum esculéntum is useful at
the moderately moist agricultural areas exposed to oil spills (the threshold volume is 10 ml in the
sample).

It is recommended to carry out electrochemical soils cleaning using a monocathode centric elec-
trode placement scheme for preliminary preparation for phytoremediation and for oil products content
reduction to the threshold values of specific species. This arrangement of the electrodes will allow to
prepare the soil effectively even with a significantly rugged landscape, i.e. in the presence of lowlands
and hills, in watered areas. The oil products cleaning degree in accordance with the conducted
experiments reached 65 %. Temperature gradient during electric heating of soil was up to 8 °C.
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A method for determining some energy parameters of electroremediation process using a cathodo-
centric arrangement of electrodes, taking into account changes in soil resistance has been deve-
loped.

The results obtained will contribute to the practical implementation of the technology of complex
oil-contaminated soils cleaning based on phytoremediation with preliminary electrotreatment in real
conditions.
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Abstract. A mathematical model of the in-line control of the insulation resistance state for cathodically polarized main
pipelines according to electrometry data is considered. The relevance of the work is caused by the opportunity to create
in-line internal isolation defects indicators of the main pipelines for transported liquids that are good conductors and
expand the functionality of monitoring and controlling cathodic protection systems of the main pipelines. Features of
the mathematical model are: consideration of the electric conductivity of transported liquid influence on electric field
distribution; consideration of the influence of external and internal insulating coating resistance; use of the electric field
of an in-line diagnostic probe for quality control of internal insulation. Practical significance consists in the develop-
ment of modeling methods for control subsystems of main pipeline protection against corrosion and the development
of special mathematical and algorithmic support systems for monitoring and controlling the operating modes of the
cathodic protection station of main pipelines.
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Introduction. Main pipelines (MP) are prone to corrosion, which is the main cause of
pipeline failures and downtime [1, 2]. Corrosion occurs due to the influence of mechanical impu-
rities [3-5], stray currents of different nature [6], pipeline and ground deformation [7-9], inner
and outer insulation coating defects, etc. In practice, ultrasonic and magnetometric methods
are widely used for pipeline diagnostics [10, 11]. Ultrasonic methods of nondestructive testing
are developing both towards optimization of the number and spatial location of sensors [12]
and towards more complex processing of reflected signals [13-15]. External insulation condition
monitoring [16, 17] is usually performed manually using special equipment [18-20], but remote
methods of nondestructive testing are also being intensively developed [21]. It is difficult
to assess the quality of in-line insulation outside the pipe due to the properties of the pipe metal
shielding the excited field. A solution in such cases is the use of in-line tools (probes) [22].
Magnetometric [23] and ultrasonic methods of pipe metal quality evaluation are used for
in-line inspection. The use of an in-line source of direct electric current in highly conductive
transported media (salt solutions, water, some products of multi-tonnage chemical productions, etc.)
and water-oil media [24, 25] makes it possible to investigate the mutual influence of internal
insulation quality and the gradient of electric field measured by the probe. Such a sufficiently
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operative estimation of the internal insulation quality contributes to the development of special
mathematical and algorithmic support for the monitoring and control systems of cathodic protec-
tion stations (CPS) in MP.

The purpose of this work is to develop a mathematical model for in-line monitoring of the insu-
lation resistance state of cathodically polarized MP using electrometric data. The relevance of the
work is determined by the possibility of creating in-line indicators of internal insulation defects in
MP and extending the functionality of monitoring and control systems of CPS of MP at the expense
of this information. For this purpose, the following tasks have been solved: the constructed differen-
tial mathematical model of the electric field of the CPS and in-line electric probe by a method of
fictitious sources has been reduced to a discrete model in the form of a system of linear algebraic
equations (SLAE); influence of internal isolation failure on the gradient of the electric field of the in-
line probe has been studied by means of a computational experiment.

Methods. Ensuring the required quality of corrosion protection for operating oil and gas equip-
ment [26-28] includes maintaining the required level of protective cathodic potential on the
metal surface. Modern computing technologies, including neural networks, are used to solve this
problem [29]. A mathematical model of the cathodically polarized MP should describe the distribu-
tion of currents and potentials along the entire length of the section to be protected by the CPS. The
realization of the model allows calculating the values of currents and voltages in the pipe and on the
interfaces “pipe — ground” and “pipe — transported liquid” [30-32]. Initial data for the calculations are
the electric properties of all current spreading media, auxiliary current strength CPS, geometrical
characteristics of the MP, and also the spatial coordinates of the MP, anode earth electrode, and
current drainage point. Note that due to the impossibility of exact determination in time and space of
all physical quantities describing the real operation of a MP, an absolutely accurate description of
such a system is fundamentally impossible [16]. Nevertheless, as the analysis of scientific research
shows [17, 33], in calculations, such a model of MP medium as homogeneous isotropic half-space
with averaged (and constant) specific ground conductivity is used. Therefore, in order to achieve the
purpose of this work, it is necessary to develop a mathematical model adequate to the practice of the
direct problem of electromagnetic field distribution of direct DC of MP cathode protection system in
homogeneous medium of “ground — external insulation — metal — internal insulation — transported
liquid — probe” type and conduct a computational experiment to study the influence of transient re-
sistance of internal insulation on current distribution in the system.

Let a homogeneous space be given (Fig.1), divided by a flat boundary into two half-spaces —
Qo (air) with specific conductivity 6o =0 S/m and Q, (ground) with a given constant specific
conductivity of the filling substance 6, = const S/m.
Suppose that a rectilinear pipeline of length L,

is located in a half-space (.. Inside the pipeline, g == oo

in the transported liquid with specific conductivity o |CPS | Q.. 0

o; there is a diagnostic probe (A4,-— Bpr) injecting P . =1 g >

a I,» DC. The CPS provides a protective DC I,,  x~ | o
y B A

flowing through a point anode located at point

A(x4, y4, z4) of the half space €,. The protective
current drains from the pipe metal at point B.. —
The coordinates of points 4 and B, in the Cartesian
coordinate system are known. The origin of the ;! L
coordinate system is chosen at the “air — ground”

surface. The Ox axis is parallel to the pipe axis, and Fig.1. Inclusion of a diagnostic probe in the cathodic
the Oz axis is downward. protection scheme of a MP in a homogeneous half-space

|

+ - I
Ipr& _ Diaghostic | |™" & |
N Apr probe B :

157
This is an open access article under the CC BY 4.0 license



EsE  Journal of Mining Institute. 2024. Vol. 265. P. 156-164 EDN XRDQFW
% © Vladimir N. Krizskii, Oleg V. Kosarev, Pavel N. Aleksandrov, Yana A. Luntovskaya, 2024

A mathematical model describing the distribution of the DC electric field potential in the system
at an arbitrary point of space P(xp, yp, zp) is:

AUg(P)=—[—“8(P—A); (1)
Gg
AU, (P)=0; AU, (P)=~1,,(3(P~4,,)-8(P-B,.)); )
aUg(P) =0; U,(P)—>0, P>, (3)
U, _o. U _,
Wx—OL S x=0;L » @
ou, (P
0, (P)-Co(P)o, (2D, (P ®
ou, (P
0, (P)+ (P (A LDy, () ©
ou,(P)| _ 1,
{ Ox }B _GmSm’ )

where C,n(P) — transient resistance reflecting the state of the external insulating coating of the pipe
at point P, Ohm-m?; S, — area of the external surface of the pipe, m?; n — normal to the pipe surface;
Cwni(P) — transient resistance reflecting the state of the internal insulating coating at point P, Ohm-m?;
Swmi — area of the internal surface of the pipe, m% S, — cross-sectional area of the metal, m?;
on — specific electrical conductivity of the pipe metal, S/m; the indices used here are: g — ground;
m — pipe metal; / — transported liquid; gm — “ground — metal” boundary; m/ — “metal — liquid”
boundary.

The equations in the mathematical model (1)-(7) describe the following processes: (1) — potential
distribution U, of the electric current in the ground; (2) — potential distribution U, of the electric
current in the pipe metal and the potential U; in the transported liquid; (3) — the condition of no current
flow through the “air — ground” boundary and the regularity of the solution at infinity; (4) —no current
flow condition at the end faces for the pipe metal and the liquid to transported liquid; (5) — the con-
dition of current flow across the “ground — metal” boundary; (6) — the condition of current flow
across the “metal — liquid” interface; (7) — the condition of connection of cathode station to pipeline
at drainage point.

To solve the problem, we apply the fictitious source method [17, 33]. Let us represent a MP as
a sequence of M; of segments of the same length (Fig.2). For each such segment i (i =1 ... M,) on the

pipeline, consider the averaged values: U ; — potential in the ground at the “ground — metal” interface, V;
U,, — potential in the pipe metal, V; U; — potential in the liquid, V; I,, — current flowing from the
ground into the pipe metal through the lateral surface, A; I! — longitudinal current in pipe metal, A;

I, — current intensity at the “metal — liquid” interface, A; I;— longitudinal current in liquid, A.
The diagnostic probe is a source of DC I, between the electrodes located at points A, and B,
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Fig.2. Fragment of a discrete pipeline model

1-2 — sections with broken insulation: 1 — external; 2 — internal; 3 — section with drain point B, of protective current /,

Each pipe segment forms fictitious point sources and (or) sinks of current. For each fictitious
source and (or) sink, the outgoing and (or) incoming currents are described by Kirchhoff's laws:

L, +1,' =1, -1, ~1,3(B,,B)=0; (8)

=1,M,, I)=0,1) =0;
Ly+1"=1]+3(B] .4,

S
S

1,-3(B,B, )1, =0; (9)

i=L,M,, I)=0,1" =0,

where B! — coordinates of the middle point in the metal of the i-th segment; 4, and B, current posi-
tions of electrodes of the diagnostic probe inside the transported liquid in the pipe, referred to the
middle points of the segments in the liquid.

In equations (8) and (9) condition (4) of no current flow on end faces for pipe metal and trans-
ported liquid are considered.

Equations describe the discrete formulas of Ohm's law for the currents between pairs of neigh-
boring segments:

U -U! =-R, I, i=1,M,—1, RmzL; (10)
MtGmSm
i+1 i i 1 asr 1 L
ut-u=-rI1,i=1,M,-1, R, =—"—, (11)
MG,

where §; — is the cross-sectional area of the transported liquid.
The discrete analogue of the formulas for boundary conditions of the third kind at the
“ground — metal” and “metal — liquid” boundary is described by equations:

o cr " )

Ul - %—U -1L,M, ; (12)
. l[l

Ul + Cgl —Ui=1,M, . (13)

The electric current potential at any point of the homogeneous half-space containing the pipeline,
according to the principle of superposition of fields, will be generated by the point anode source of
the CPS 4 and M, fictitious sources by the number of the formed pipeline segments. The potential

is described by equation:

M! . .
U,(P)=1,G(P, A)—él;mG(P, Bjn), (14)
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where G(P, Q) — is Green's function [30] of the enclosing homogeneous half-space, a function
that calculates the value of electric current field potential at the point P(xp, yp, zp) of
the half-space when the point source of electric current of unit intensity is found at the point
O(xo, yo, 20).

The discrete model (8)-(14) by substituting in (14) the ground points P = Bif ,kzm located
near the ground-metal boundary, is a SLAE with the following unknowns: Uy, Ug, Ui, lem, In, 11, L.
Here, each unknown is a vector of segment-averaged current or voltage values. The expanded SLAE
matrix is of size (7M; — 2)x(7M;—1). The solution of the SLAE gives the values of the desired current
and voltage parameters for each discrete segment. Thus, the original differential mathematical model
(1)-(7), describing the distribution of the DC field potential in the system is reduced to a SLAE equa-
tions (8)-(14) by the fictitious source method.

The computational experiment is based on the following methodology. The first step is to determine
the probe electric field in the transported liquid when the internal and external insulation are undisturbed
and the CPS current is zero 1, = 0 A. Call the resulting field the “normal” probe field.

At the second the “working” electric field was calculated — the probe field when the transient
resistance of the internal and (or) external insulation on the pipe segment is broken and the CPS cur-
rent is switched on. The “normal” field was then subtracted from the “working” field. The result of
the step is the “abnormal” electric current field.

At steps 1 and 2, the movement of an in-line probe in the pipe was simulated. The size of the in-tube
probe was set equal to the length of seven segments of the discrete pipeline model (7 m for the computa-
tional experiment below). Fifteen consecutive probe positions were calculated at which the middle of the
probe was offset from the middle of the “defective” segment in the range of [-7; +7] segments.

At the third step, the field gradient between the fixed inner points of the probe, which simulates
the position of its sensors, was calculated. The initial data of the computational experiment are given
in the Table.

Computational experiment initial data

Parameter Designation Value
MP length, m L 10000
Number of segments, psc M; 10000
Length of one model segment, m I 1
MP depth, m H, 2.0
MP diameter, m D 0.53
MP wall thickness, m him 0.008
Coordinates of point anode 4, m (x4, y4, z4) (5000; 350; 25)
Drainage point coordinates B;, m (xB, B, ZBy) (5000; 5.0; 2.265)
Drainage point segment number B - 5001
Segment number with an external insulation defect - 2501
Segment number with an internal insulation defect - 2501
CPS DC current, A P 1.0
Diagnostic probe, DC current, A Lyr 1.0
MP metal specific conductivity, S/m Om 4.082-10°
Ground specific electrical conductivity, S/m Cg 0.01
Liquid specific conductivity, S/m oI 1.04
MP external insulation transient resistance, Ohm-m? Cy 14000
MP internal insulation transient resistance, Ohm-m? Cui 10000
MP external insulation transient resistance of defective Cot 2501 1.4
segment N 2501, Ohm'm?
MP internal insulation transient resistance of defective Cii_2501 1.0
segment N 2501, Ohm'm?
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The computational experiment was performed in the Matlab environment using the sparse
matrix plug-in. To solve the SLAE left division operations were applied to the matrices. Figure 3
shows the structure of the expanded SLAE matrix for one of the probe positions in the pipe, where
the blue dots represent the positions of non-zero elements of the system, with nz denoting the
number of non-zero elements of the expanded matrix. The fill density of the expanded matrix is
about 2 %.

A complete SLAE matrix for the number of segments M; = 10000 in double data format has a
size of about 36 GB. The problem was solved on a computer with a 10th generation Intel I5 processor
and 12 GB of RAM in Matlab using the sparse matrix apparatus. The calculation of the SLAE for one
probe position takes about 10-11 h.

The potential distribution of the “normal” probe field (Fig.4, curve 1) the superposition of the
CPS fields aperture + probe fields for a “defective” insulated pipe (Fig.4, curve 2) and the “abnormal”
(difference between the “working” and “normal” fields, Fig.4, line 3) in the transported liquid. Here,
the segment including the segment with defective insulation (N 2501) is taken along the Ox-axis. An
insulation failure on the pipe segment results in redistribution of the probe's electric field due to leak-
age of part of the probe's current into the pipe metal.

For this case, the probe position in the pipe is fixed — the middle of the probe falls in the middle
of the “defective” segment (zero probe position dz = 0). Figure 5 shows fragments of the “abnormal”
field calculated at some offsets of the in-line probe. The range of probe center segment displacements
is in the range of [-7; +7] pipe segments relative to the segment with defective insulation.

It is of practical interest to determine the number of the segment with defective insulation
when the diagnostic probe moves inside the MP. The specific potential value in this case is sec-
ondary to the nature of the field change during the passage of the defective segment. Therefore,
at the third step of the computational experiment, the field gradient between two segments of the
diagnostic probe (two measuring probes) that are symmetrical with respect to the center was cal-
culated. Figure 6 shows the “abnormal” field gradients based on the potential differences between
the symmetrical probe segments, as the probe moves inside the pipeline. In the figure, the letters
z, denote the probe segments used to find the finite differences (x — is the segment displacement
relative to the middle segment zo. As can be seen in the figure, the gradient diagrams are sym-
metric with respect to the “defective” segment, and when the center of the probe coincides with
the defective segment, they turn to zero. These gradient properties can be used as an indication
of a defective pipe segment detection.
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Discussion of results. The DC field
potential distribution model of an in-line
cathodically polarized pipe probe proposed
in this work allows detecting a breach of
the internal insulation layer. The inclusion
of a diagnostic probe in the model solves
two problems. Firstly, the currents flowing
inside the transported liquid and flowing
from the liquid into the pipe metal can be
increased by varying the probe current to
values detectable by the instruments. Sec-
ondly, the simultaneous tracking of diag-
nostic probe position in MP and recording
of potentials in liquid allow localizing the
location of in-line insulation failure with an
accuracy determined by the characteristics
of the sensor for measuring current poten-
tials (current gradient) in the liquid and the
sensor for determining position sensor in
the pipe. Locating the probe in a branched
pipeline network [34, 35] is one of the im-
portant independent subtasks. The determi-
nation of the coordinates of a segment with
disturbed insulation allows including the
electric probing method into the intelligent
analytical core of automated control sys-
tems for electrochemical protection of MP.

The inclusion of an in-line DC source
in the model potentially expands the class
of pipelines under investigation. This may
also include pipelines operated without the
use of cathodic protection systems.

The model proposed in the paper in
the form of a SLAE (8)-(14) and the
method of its solution make it possible to
achieve discretization of a pipeline length
of 1 m. This is by an order of magnitude
greater than the discretization parameters
achieved in the previous work of the au-
thors [30] and the studies of other teams in
this direction [33, 36].

Conclusion. The mathematical model
proposed in this work describes the dis-
tribution of DC field potential in the elec-
trochemical protection system of a MP.
The results obtained as a result of modeling
for a number of particular cases agree
with those previously known [17, 30, 36].
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The distinctive features of the model are: taking into 43 7
account the influence of the electric conductivity of TEE 35
transported liquid and the transient resistance of in- £ ; )5
ternal insulating coating on the distribution of ;': = '
electric fields; using the electric field of an in-tube £ 2 15 |
. . . . 2 = r
diagnostic probe for quality control of internal £7 05
insulation. Practical significance consists in the °* o5 |

development of modeling methods for systems of 8 6 4 2 0 2 4 6 8
electrochemical protection of MP against corrosion  Misalignment of the probe center from the “defective” segment
and the development of special mathematical and
algorithmic support for subsystems of monitoring
and control of CPS of MP. The length of one
pipeline segment in the model is 1 m, which is an order of magnitude higher than the known solutions.
Such an accuracy in coating defect localization makes it expedient to use autonomous robotic
complexes for inspection of pipelines.

Fig.6. Field gradient distribution in the liquid
as the probe moves
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