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Abstract. This article discusses a new, simple, and inexpensive method for determining high concentrations of water-
soluble forms of heavy metals using a non-destructive chemical analytical method — an X-ray fluorescence analysis. Unlike
standard approaches, which employ labor-intensive and expensive acid digestion techniques (inductively coupled plasma
atomic emission spectrograhy, inductively coupled plasma mass spectrometry, and atomic absorption spectroscopy) to
measure pollutant concentrations in solution (requiring analysis of aqueous extracts), this method studies changes in con-
centrations in the solid residue of samples on filters at specific time intervals that enables the use of a more cost-effective
X-ray fluorescence analysis method. The effectiveness of this method is demonstrated on example of the study of copper
and lead migration in man-made waste generated by the combined effects of the mining and metallurgical industries at
one of the facilities in the Irkutsk region. The concentrations determined using X-ray fluorescence analysis and inductively
coupled plasma atomic emission spectrograhy are compared. The study results are shown to be completely comparable,
while the labor intensity and cost of the proposed approach, as well as the qualification requirements for the personnel
performing sample preparation and analysis, are significantly lower. The proposed method allows to assess the poten-
tial for toxic agent migration under various conditions — from short-term exposure to precipitation to prolonged exposure
to water. The visualization results presented enable rapid categorization of samples based on the leaching behavior of
water-soluble forms.
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O6 anbTepHaTUBHOM 3KOHOMUYHOM noaxoae K onpeaesrieHnro
BbICOKUX KOHLIEHTPaLMM NOABMXKHbLIX (pOpM TAXKENbIX MeTasnsioB
(Ha npumepe nccnenoBaHUM IKONOrMYECKOro Bpeaa oTxoaoB
roOpHO-MeTanypruyeckmx npeanpusaTumn)

A.A. Cymkun?, A.C. Anekcees®, B.B. TpycoBa®“, O.J1. Kauop?, A.B. MapwmnHe

ac-elpKymckul HayuoHarnbHbIlU uccriedosamenscKuli mexHu4yeckul yHugsepcumem, Vipkymck, Poccus
beliHecmumym 2eoxumuu um. A.l1. BuHozpadosa Cubupckoeo omdeneHusi Pocculickoli akademuu Hayk, Ypkymck, Poccusi
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Pesrome. B cTaTbe paccmaTpuBaeTcs HOBasi NpocTasi M Hegoporasi MeToavka onpeaeneHunst BbICOKUX KOHLEHTpaLuiA Bo-
[0opacTBOPMMbIX (DOPM TSKESbIX METasfioB C NMOMOLLbI0 HepaspyLUatoLLEero XMMUKO-aHanMTUYeckoro Metoaa — peHTre-
HodhryopecLeHTHoro aHanmaa. OcobeHHOCTb METOAUKM B TOM, YTO, B OT/INYME OT CTAHAAPTHbLIX MOAXOA0B, B KOTOPLIX C
NMOMOLLbIO TPYAOEMKUX U OOPOrOCTOSALLUMX METOAUK C KUCMOTHLIM pasfioxeHnem npob (aTOMHO-3MWCCUOHHOW CMeKTpo-
METPUN C UHAYKTUBHO-CBSI3aHHOW Nyia3Moi, Macc-CreKTPOMETPUN C MHAYKTUBHO-CBSI3aHHOM Nasmon, aToMHo-abcop6-
LIMOHHOW CMEKTPOMETPUMN) UCCIEYTCA KOHLEHTPAUMU MOMMIOTAaHTOB, NepeluefLlime B pacTBop (4To TpebyeT aHanusa
BOZHbIX BbITSDKEK), B JAHHOM CIyvae U3y4atoTcsl UBMEHEHNS KOHLEHTpaLiA B TBEPAOM ocTaTke Npob Ha dunbTpax Yepes
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onpeferneHHbIe HTepBarbl BPEMEHW, YTO MO3BONSET NPUMEHATL AN aHanu3a 6onee 3KOHOMUYHbIV MEeTOA, peHTreHodny-
OpEeCLEeHTHOro aHanmsa. AdEKTUBHOCTbL METOAUKM MOKa3aHa Ha NpPUMepPe UCCNeqoBaHU MUrpauum Megn u CBUHLUA B
TEXHOIEHHbIX 0TX0A4axX, ChOPMMPOBAHHbBIX KOMMITEKCHBIM BO3AENCTBMEM ropHonepepabaTtbiBaoLen 1 MeTannypruyeckomn
NPOMBILLMEHHOCTN Ha O4HOM M3 00beKTOB B VpkyTckon obnacTtu. [prBeaeHo conocTaBneHne onpeaeneHnsi KOHLEeHTpa-
LMiA C NOMOLLbIO PEHTreHONyOPEeCLEHTHOIO aHanm3a u aTOMHO-3MUCCUOHHON CMEKTPOMETPUMN C UHAYKTUBHO-CBSA3AHHOW
nnasmon. NMokasaHo, 4YTO pe3ynbraTbl UccnefoBaHuin abCcomTHO COMOCTaBMMbI, MPU 3TOM TPYAOEMKOCTb U CTOMMOCTb
npegnaraeMoro Noaxoaa, a Takke TpeboBaHuMs K KBanvdurkaLmm nepcoHana, BbINomHsoLWero npobonoaroToBKy U aHanms,
CYLLIECTBEHHO HWXe. [Npeanaraemblii cnocob NO3BOSSET OLEHUTb BO3MOXXHOCTb MUrpaLum TOKCMKAHTOB B Pa3fMYHbIX yC-
NOBUAX — OT KPATKOCPOYHOIo BO3AENCTBUS aTMOCHEPHBIX 0CAAKOB 40 MPOAOIKUTENbHBIX BO34enCcTBMI Boabl. [peacTtas-
NeHHble pe3ynbTaThbl BU3yanu3auumn no3BonsaT 6bICTPo KaTeropnpoBatb Npobbl N0 0COOEHHOCTSIM NPOTeKaHUs npouecca
BbIMbIBaHUS1 BOAOPACTBOPUMbIX hopM.

Knrovesble cnoea: noaBuxkHble (hOpMbl METANMOB, MUrpaLsl, PEHTIEHOMNYOPECLEHTHBIN aHanM3, aToMHO-dMUCCUOH-
Hasi CNeKTPOMETPUS C MHAYKTUBHO-CBSI3aHHOW NNa3MoWN, OTXOA4bI FOPHO-METannypruyeckux NpeanpusiTui, 3arpsisHeHme
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MWYHOM MOAXOAE K ONpefeneHunio BbICOKMX KOHLEHTPaLUA NOABWKHBIX POPM TSXKenbIX METansoB (Ha npyMepe uccneao-
BaHWI 9KOMOrMYeCKOro Bpeda OTXOA40B ropHO-MeTannypruyecknx npeanpusatnii) // Hayku o 3emne n Hegponornb3oBaHve.
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Introduction

Currently, the environmental component is
becoming increasingly important in the Russian
mining industry. This applies both to assessing
the background state of the environment in new
areas, and to the assessment and remediation
of historical waste from mining, metallurgical,
and similar industries, which can be considered
both as objects of environmental damage and
as technogenic deposits. Serious technogenic
pollution of environmental components by such
facilities is often caused by extremely high con-
centrations of various toxicants in these com-
ponents. The high level of responsibility for
environmental protection or for the assessment
of resources/reserves in such facilities equally
requires the use of accurate and reliable ana-
lytical methods for chemical analysis. Howev-
er, it should be noted that the development of
the modern analytical base used in the mining
and geological industry in recent decades has
mainly been aimed at increasing the sensitivity
of methods at the lower limit of detection, as
this is precisely what is necessary for study-
ing the natural distribution of various chemical
elements in the earth’s crust, soil, rocks, and
so on. Semi-quantitative methods have been
replaced by methods such as inductively cou-
pled plasma atomic emission spectrometry
(ICP-AES), atomic absorption spectrometry,

and mass spectrometry, which make it possible
to detect even the smallest concentrations of
substances at the level of hundredths of ppm
(mg/kg) and to study the corresponding varia-
tions in the natural geochemical background in
natural objects.

At the same time, when it comes to pollu-
tion, technogenically disturbed areas, and es-
pecially the direct sources of such hazardous
impact in the form of waste and technogenic
surface formations, for example, from objects
of accumulated damage, there is a need to re-
liably and accurately measure very high con-
centrations, hundreds and thousands of times
higher than both the geochemical background
and the standard values for content. The afore-
mentioned modern methods using acid diges-
tion — ICP-AES or atomic absorption spectrom-
etry — are highly sensitive methods that give
good results in low determination ranges, but
are quite strictly limited by their upper limit.
For example, according to the methodology
ERD F 16.2.2:2.3.71-2011" for the study of var-
ious natural objects by spectral methods, in-
cluding mobile forms of metals in soil samples,
the upper limits for the main heavy metal pol-
lutants are limited to tenths of a percent (only
for iron is the upper limit 10 %), even consider-
ing significant dilutions of tens or hundreds of
times. Such ranges often cover most research

' Environmental Regulatory Document Federal 16.2.2:2.3.71-2011. Quantitative chemical analysis of soils. Methodology
for measuring mass fractions of metals in sewage sludge, bottom sediments, and plant samples by spectral methods.
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tasks, but only if it does not involve large-scale
technogenic pollution of environmental objects
with toxicant concentrations already measured
in percent. In such situations, significant multi-
ple dilutions of samples are used. This makes
it possible to detect the actual content of el-
ements in the sample, but such actions lead
to high measurement errors. Thus, it turns out
that complex and expensive measurements
do not provide either high reliability and infor-
mation content, nor high efficiency and cost-
effectiveness of using these methods.

At the same time, in recent years, signifi-
cant progress has been observed in the field
of non-destructive analysis methods. The non-
destructive testing method — X-ray fluores-
cence analysis (XRF), used to determine
the total content of elements, allows working
in different modes with solid samples, both
with low concentrations of the determined
elements (“geochemical modes” are now
implemented in the latest generations of X-ray
fluorescence spectrometers from most leading
manufacturers) [1], and with high concentra-
tions (often referred to as “mining modes”).
The XRF method is fast, cost-effective, and
does not require complex sample preparation,
other than grinding and, in some cases, press-
ing. At the same time, it is often believed that
the XRF method is rather semi-quantitative
and does not provide high measurement ac-
curacy. A large number of modern publications
demonstrate the capabilities of modern XRF
implementations in cases of geochemical/
geological exploration, core studies, and other
tasks of determining total concentrations, and
from these publications it often becomes obvi-
ous that for many purposes, methods with acid
digestion are no longer needed [2-6].

This work, however, addresses a somewhat
different range of issues. In many research and
practical tasks, there is a need to determine
water-soluble forms of elements, for example,
to simulate the leaching of toxic components
by atmospheric precipitation [7-9], to model
migration into soils [10-11], into plants [12,
13], to study migration into water bodies [14],
to solve medical-ecological [15], and many oth-
er problems [16]. Furthermore, there is a need

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

to calculate the percentage ratio of water-solu-
ble and poorly soluble forms in order to assess
the actual amount of elements migrating into
environmental components relative to the total
mass of technogenic formations with known to-
tal toxicant content. The authors propose a new
method for determining water-soluble forms of
elements; its effectiveness will be examined in
a case study typical for the mining and metal-
lurgical industry — assessing the state of the
environment contaminated with a number of
typical heavy metals extracted from ores and
their processing products from a number of
historical mining, metallurgical, and chemical
industries.

This work presents an alternative, low-cost
option for determining the ratio of water-soluble
and poorly soluble forms of heavy metals in
natural-technogenic objects, suitable for re-
search work.

The task at hand is to completely switch to
a non-destructive testing method for assessing
not only total, but also water-soluble forms.

As the object of the study, 16 samples of
technogenic soil (technozem) were selected
from the most contaminated areas of the in-
dustrial zone we surveyed in the city of Svirsk,
Irkutsk Oblast. This area is contaminated due
to the activities of the former “Angarsk Met-
allurgical Plant”, which processed sulfide-
containing arsenic ores, and the “Vostsibele-
ment” battery production plant (the main pollut-
ant is lead) (Fig. 1).

This object is characterized by an extremely
uneven pattern of contamination with very high
total contents of priority toxicants [17, 18]. It is
important to note that the nature of the contam-
ination and the task itself are quite typical for
the mining and metallurgical complex — there is
historical contamination of the upper part of the
soil to a depth of 1.5-2 meters with a complex
of heavy metals, and the waste is located in the
open air. Toxicants from them, both with sur-
face runoff and by infiltrating into groundwater,
can enter water bodies (in this case, the Angara
River, on the bank of which the studied territory
is located). Thus, the results of the work have
not only general methodological significance,
but also a distinctly practical nature.
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Fig. 1. Schematic sampling map:
1 — the most hazardous enterprises; 2 — sampling points (the sample number is to the upper right of the point);
3 — sampling network; 4 — boundaries of the former industrial site
Puc. 1. Cxemamuyeckasi kapma om6opa npob6:
1 — Haubonee onacHbie npednpusmusi; 2 — mo4yku ombopa npob (crpasa 8sepxy oM MoYKU — HOMep 3mol rnpobbi);
3 — cemb ombopa npob; 4 — epaHuypk! bbigwel npomraou,adku

Materials and methods

Modern certified methods for determining
water-soluble forms involve working with an
aqueous extract, and accordingly, using X-ray
analysis methods for such a study object is
very difficult. The preparation of an aqueous
extract involves mixing a sample portion with
distilled water in a 1:5 ratio, followed by shak-
ing the resulting suspension on a shaker for
15 minutes. The extract is then filtered through
a double “white ribbon” filter, and the elements
in the resulting filtrate are determined using
ICP-AES, inductively coupled plasma mass
spectrometry, or atomic absorption spectrome-
try with plasma and electrothermal atomization
(ERD F 16.2.2:2.3.71-2011").

The total content is determined using con-
centrated nitric acid and hydrogen peroxide, fol-
lowed by filtration and measurement of elements
in the filtrate (ERD F 16.2.2:2.3.71-2011").
The ratio of poorly soluble and water-
soluble forms can then be determined. The en-

tire process requires highly qualified special-
ists, a large consumption of reagents, including
state standard samples, and gas consumption,
which makes the cost of analysis quite high.
Of course, analytical methods can be combined,
and the total content can be determined using
other, less expensive methods. However, given
that the final result for assessing the proportion
of water-soluble forms depends on two different
types of analysis, it is more appropriate to per-
form such studies using the same equipment,
the same operator, and the same batch of re-
agents to reduce the likely cumulative error.
When it comes to independent research proj-
ects, this can become a serious limiting factor,
for example, affecting the number of samples
collected, or leaving no room for error when
planning the experiment. These limitations will
certainly significantly reduce the overall quality
of the study.

In the method we propose, the preparation
of the collected samples consisted of coning
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and quartering, followed by chessboard sam-
pling to create more averaged and representa-
tive samples weighing 10 g, with 4 samples per
one original sample, totaling 64 subsamples.
Next, to assess the reliability of our analy-
sis results, half of the samples were simultane-
ously analyzed for total content using a Thermo
Scientific 6300duo atomic emission spectrome-
ter and a Sciaps X200 Geo mobile X-ray fluores-
cence spectrometer in an accredited laboratory
of the Siberian School of Geosciences at Irkutsk
National Research Technical University (Irkutsk,
Russia). The results were processed in accor-

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

dance with IST 41-08-214-042, which is intended
for use in laboratories of departments conduct-
ing prospecting and exploration, extraction and
processing of mineral raw materials, as well as
the study of environmental objects. The results
are presented in Tables 1 and 2.

Based on the results shown in Tables 1 and 2,
the internal operational control for the two mea-
surement methods was deemed satisfactory.
Accordingly, the analysis results obtained for
the available samples using XRF are in no way
inferior to the longer and more costly results ob-
tained using ICP-AES.

Table 1. Comparative results of copper content analysis using inductively coupled plasma
atomic emission spectrograhy and X-ray fluorescence analysis methods

Tabnuua 1. CpaBHUTeNbHbIE pe3ynbTaTbl UCCNeA0BaHMA NPob Ha cogepxaHue Meau
MeToAaMM aTOMHO-3MUCCUOHHOMN CMEeKTPOMETPUMN C UHAYKTUBHO-CBAI3aHHOM NNa3mMoun

U peHTreHodryopecLieHTHOro aHanusa

ICP-AES XRF
Sample i i
p Content C, Relative Content Ck, Relative Kk =C - Ck Km Kk < Km
number measurement measurement
ppm error ppm error
14/2 157.8 37.8672 151.2 45.36 6.58 59.089 Yes
0 7.7 21.51 81.6 24.48 9.9 32.588 Yes
22/1 92.4 27.726 106.0 31.8 13.58 42.19 Yes
33/5 771 23.124 116.2 34.86 39.12 41.832 Yes
291 82.2 24.654 97.5 29.25 15.32 38.254 Yes
4c 59.7 17.922 85.6 25.68 25.86 31.315 Yes
8b 51.2 15.354 55.3 16.59 4.12 22.605 Yes
100 B 61.9 18.576 87.8 26.34 25.88 32.231 Yes
Table 2. Comparative results of lead content analysis using inductively coupled plasma
atomic emission spectrograhy and X-ray fluorescence analysis methods
Tabnuua 2. CpaBHUTeNbHbIE pe3ysibTaTbl UCCNeA0BaHMA NPob Ha cogepXaHue CBMHLA
MeToAamMyM aTOMHO-3MUCCUOHHOW CNEKTPOMETPUM C MHAYKTUBHO-CBAA3aHHOM Nia3mon
M peHTreHodnyopecLeHTHOro aHanusa
ICP-AES XRF
Sample i i
p Content C, Relative Content Ck, Relative Kk=C— Ck Km Kk < Km
number measurement measurement
ppm error ppm error
14/2 929.6 223.104 1048.6 146.804 119 267.0708 Yes
0 1931.6 309.056 1824.9 255.486 106.7 400.9847 Yes
2211 1380.2 220.832 1152.5 161.35 227.7 273.497 Yes
33/5 5650 904 6341.5 570.735 691.5 1069.09 Yes
291 2254 360.64 2230.9 245.399 231 436.2131 Yes
4c 333 79.92 405.9 85.239 72.9 116.8456 Yes
8b 271.8 65.232 312.15 65.5515 40.35 92.47818 Yes
100 B 24060 3849.6 25526 1199.722 1466 4032.214 Yes

2|ST 41-08-214-04. Industry Standard. Quality Management of Analytical Work. Internal Laboratory Control of Accuracy
(Trueness and Precision) of Quantitative Chemical Analysis Results. Effective 01.06.2005, 92 p.
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Results and discussion

The experiment methodology was as follows:
a 10 g sample was placed in a 300 ml contain-
er, 100 ml of distilled water was added, mixed
thoroughly, and then left for 2, 4, 6, and 8 hours.
After each time interval, the sample was filtered
through a “white ribbon” filter to separate the sam-
ple into solid and liquid phases (Fig. 2). The solid
phase is of particular interest. Unlike the tradition-
al method for determining water-soluble forms,
which involves analyzing the filtrate, we assess
the solid phase to determine the amount of sub-
stance that did not transfer into the filtrate, i. e.,
that remained in poorly soluble compounds in the
solid phase.

After filtration, the filters with the residue were
dried, transferred into polyethylene bags, and
then subjected to further analysis. The experi-
mental results for some samples are presented
in Figs. 3, 4 and in Table 3.

This leaching method allows assessing the
potential for toxicant migration under various con-
ditions — from short-term exposure to atmospher-
ic precipitation (2-hour leaching) to prolonged
floods or inundations (8-hour leaching). Further-
more, this type of visualization (See Figs. 3, 4)

25
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enables rapid categorization of samples based
on the leaching behavior of water-soluble forms.
Thus, the presented figures show that in some
samples (from certain areas), the majority of
water-soluble forms transfer into the filtrate with-
in the first two hours, and then begin to adsorb
back onto the solid surface of the technosol. In
other samples from different areas, the maximum
amount of water-soluble forms transfers into
the filtrate only by the eighth hour of the exper-
iment. This information will subsequently allow

Fig. 2. Sample filtration process
Puc. 2. Mpouyecc ¢hunbmpayuu npobbi

Sample number
—0— 14/2

—0— 5

291

10

Percentage of water-soluble forms, %

8b
—— 0
—@— 33/5

—&— 4c

—@— 34/5

Water contact time, h

Fig. 3. Graph of changes in the percentage content of water-soluble forms of lead
with different duration of contact with water for eight examined samples
Puc. 3. paghuk usmeHeHus1 NpoyeHMHo20 codepkaHusi 8000pPacmMeopuUMbIX hopM CeUHUA
npu pa3Hol npodos/mKumesibHOCMuU KOHmMakma ¢ eodoli 05151 ocbMu 06csie008aHHbIX MPO6
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Sample number
—0— 14/2

——5
29/1
8b
\ o —— 0

—@— 33/5

—— 4c

—@— 34/5

5 6 7 8 9

Water contact time, h

Fig. 4. Graph of changes in the percentage content of water-soluble forms of copper
with different duration of contact with water for eight examined samples
Puc. 4. pachuk usmeHeHuUs1 MPoyeHMHo20 codepKaHusi 000pPacmMeopPUMbIX hopm medu
npu pa3Hol npodosmKumenbHOCMuU KOHmMakma ¢ eodol 0511 0cbMuU 06cs1iedo8aHHbIX MPO6

Table 3. Results of sample No. 22/1 washing

Tabnuua 3. Pe3ynbratbl NpoBeAeHHON OTMbIBKM NPo6bI Ne 22/1

Indicator oad Content, ppm copper
Total content 1152.52 106.03
Content in solid residue on filter after 2 h 1030.49 87.55
Content in solid residue on filter after 4 h 944.29 79.71
Content in solid residue on filter after 6 h 927.79 79.71
Content in solid residue on filter after 8 h 1112.37 92.34

for the selection of remediation technologies for
the given area, taking into account the specific
characteristics of each technogenic site. Such
information could not have been obtained using
the standard method for determining water-solu-
ble forms with ICP-AES, because in that case we
would have obtained only the final result, which,
as shown, does not convey the course of a dis-
tinctly non-linear process.

Conclusion
The method for determining water-soluble
forms presented in the experiment differs from
common certified methods in that it analyzes
not the filtrate, but the solid residue on the filter.

In other words, the percentage of water-soluble
forms is calculated relative to the total content
of the element in the sample and the amount re-
maining in the sample after its contact with water.
This method does not require complex sample
preparation or chemical reagents, and measure-
ments can be performed using a portable X-ray
fluorescence analyzer by a trained staff research-
er without a degree in chemistry. The cost of such
work is minimal, making it extremely relevant for
independent research initiatives. The low cost al-
lows for more complex experimental designs by
significantly increasing the number of samples,
for example, varying the contact time between
the solid phase and water.
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