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Abstract. In solving the problem of improving the accuracy of the ICP-AES procedures for silicate
analysis of geological and technical materials, an approach based on an optimal combination of directional
sample preparation methods with concentration ratio calibration was proposed and implemented. The
known methods of sample preparation have been modernized and new ones have been developed with
improved efficiency and cost-effectiveness in comparison with existing procedures: acid dissolution of
samples in closed teflon tubes-autoclaves under heating (geological materials with silicate, carbonate
matrices, iron ore raw materials) and alkaline fusion with lithium hydroxide in silver crucibles (ilmenite,
zirconium concentrates, refractories). The equations for the calibration dependences, which provide
the best metrological characteristics of ICP-AES silicate analysis procedures compared with other
calibration options were obtained. The algorithm of ICP-AES measurements, as well as comparative

characteristics of the developed procedures were given.
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ADC-UCII cHINKAaTHBIA aHAJN3 reoJJOrH4ecKux
U TEXHUYECKHX MATEPUAJIOB ¢ I'PayHPOBKOIi

110 OTHOIIICHUAM KOHHCHTpaHI/Iﬁ

T.A. Kapumosa®?, I. JI. Byx6uunaep®, C.B. Kaunn®
ACubupcruil hedepaivHblil yHUGEPCUMEN
°Cubupcrue Anarumuueckue Cucmemol

Poccuiickaa ®edepayus, Kpacnosapck

AunHoranus. B pemenun npo0Giembl noBbimeHust TouHoctr Mmetoauk ADC-NUCII cunnkatHoro
aHaJIN3a FeOJIOTMYECKUX M TEXHUYECKUX MaTEepPHaJIOB MPEAJIOKEH U PeaT30BaH MOIX0/], OCHOBAHHbIH
Ha ONTHUMAJIbHOM COYETaHUH HAIIPABJIEHHBIX CIIOCOOOB MTPOOOIOIrOTOBKH U IPayMPOBKH 110 OTHOLICHUSIM
KOHIIEHTpanuii. MolepHU3UpOBAaHBI H3BECTHBIC M pa3pab0TaHbl HOBBIE CIIOCOOBI TPOOOITOTOTOBKH
C yJIyUYlICHHBIMH NIOKa3aTeNsIMU 3(PPEKTUBHOCTH U SKOHOMUYHOCTH B CPABHEHUH C CYIECTBY FOIUMHU
MIPOLIEy pPaMU: KUCIOTHOE PACTBOPEHHE IPOO B 3aKPBITHIX TE(PIOHOBBIX MPOOUPKAX — aBTOKJIABAX IIPH
HarpeBaHuM (T€0JIOTHYECKHE MaTepHalbl C CUIMKATHON, KapOOHATHON MaTpULIaMU, KeJIe30pyHOE
CBIPHE) U IIEJO0YHOE CIUIABJICHHUE C THAPOKCUJIOM JINTHUS B CepEeOPSHBIX TUTIISX (MIbMEHUTOBEIE,
IIUPKOHOBBIE KOHLIEHTPATHI, OTHEYTIOPHI). IlosTydeHbl ypaBHEHNS A1 TPafyHPOBOYHBIX 3aBUCHMOCTEH,
oOecneunBaronue Jyqmne MmeTposornueckne xapakrepuctuku ADC-MCII MeToauKk CHITMKAaTHOTO
aHaln3a M0 CPaBHEHUIO C IPYTHMHU BapHaHTaMHu rpaayuposku. Ilpusogsarcs anroputm ADC-UCIIT

HBMepeHHﬁ, a TaKKC CPAaBHUTCJIBbHBIC XaPAKTCPUCTHUKH pa3pa60TaHHHx MCTOIHK.

KiroueBble cj10Ba: reojJorHueckKie 1 TEXHUUYECKHe MaTepualibl, CUIMKaTHbIN aHanu3, ADC-UCII,

rpaJyupoBKa 110 OTHOLIEHUSIM KOHLICHTPALUH.

Iuruposanne: Kapumosa T. A., Byx6unzep I'. JI., Kaunn C.B. ADC-UCII cunukaTHbIH aHAIN3 T€OOTHYECKUX U TEXHHYECKHUX
MaTepraioB ¢ IpaJynpOBKOH 0 OTHOINEHUAM KoHIeHTpannit. XKypn. Cub. penep. yn-ta. Xumus, 2024, 17(1). C. 18-26. EDN:
USNINZ

Introduction

It is incalculable the importance of chemical analysis of geological and technical materials. Among
the variety of solved problems, silicate analysis historically occupies a special place — the determination
of the mass contents of rock-forming oxides SiO,, TiO,, Al,O;, Fe,0;, FeO, MnO, MgO, CaO, Na,O,
K,0, the sum of which can reach 99 % of the mass of rocks. Due to the very high requirements for
measurement accuracy at the level of 0.05-0.5 % rel., classical chemical methods occupy a large
share in silicate analysis [1, 2]. However, despite ensuring the required measurement accuracy, these
methods have a number of disadvantages: they are single-element, time-consuming, require a large
consumption of toxic reagents in some cases, and are often associated with a subjective assessment of
the completion of the relevant procedures. Therefore, one of the main trends of modern silicate analysis
is the involvement of alternative instrumental methods, in particular, atomic emission spectrometry

with inductively coupled plasma [3, 4]. The certified ICP-AES procedures allow determining the mass
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fractions of rock-forming elements oxides simultaneously, however, measurement errors exceed those
for classical analogues [5—7]. To improve the accuracy of ICP-AES measurements in our works [8—11],
a method with concentration ratio calibration has been implemented, which previously successfully
was used in the ferrous and non-ferrous metals analysis [12, 13].

This article presents the algorithm of ICP-AES measurements, as well as comparative

characteristics of the developed procedures.

Materials and methods

ICP-AES measurements were carried out on iCAP 7400 Duo and iCAP PRO XP Duo series
spectrometers (Thermo Fisher Scientific, USA) with simultaneous recording of the intensities of
elements analytical lines and double observation of plasma in the wavelength range from 166 to
847 nm. The spectrometers are equipped with iTEVA and/or Qtegra software, each of which allows
calibration of the spectrometer by concentration ratios. Sample preparation was carried out using
resistive heating systems HotBlock 200 (Environmental Express, USA) and HOTBOX 300 (Siberian
Analytical Systems LLC, Krasnoyarsk). The rock samples, ores, concentrates, standard reference
materials were objects of analysis. A detailed description of the relevant ICP-AES measurement

procedures is given in [8—11].

Results and their discussion

The ICP-AES measurement algorithm with concentration ratio calibration is shown in the Fig. 1.

1 — Formulation of the analytical problem (the silicate analysis in this case).

2 — Selection of the directional method (scheme) of sample preparation. In well-known procedures
of geological and technical materials analysis, three sample preparation methods are mainly used [4]:

» dissolution in a mixture of acids in open systems when heated;

« alkaline fusion with flux in platinum dishes;

* acid dissolution in autoclaves in resistive and microwave heating options.

- Selection of a directional
sample preparation method
(scheme) for the analyzed
object

I Formulation of the
analytical problem in
relation to the object of
research

((3)
Choosing of ICP-AES optimal conditions
measurements and equations of
calibration dependencies

I';" ; ) 1 |§‘
ICP-AES analysis under optimal | Processing and comprehension of
conditions and a given calibration | measurement results

Fig. 1. The algorithm of ICP-AES measurements with concentration ratio calibration
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For instance in the certified ICP-AES procedure of silicate and carbonate rocks analysis, the
sample is transferred to a solution by alkaline fusion with flux (a mixture of lithium carbonate and
boric acid) in platinum crucibles in a muffle furnace at 970 °C, with subsequent leaching of melt
with hydrochloric acid [5]. This sample preparation option does not look ideal: an excessive samples
dilution, platinum dishes must be used, boron spectral interference in the wavelength region 166—230
nm is observed, as well as the duration of the procedure (up to a day).

To eliminate the above disadvantages, an upgraded method based on acid dissolution of samples
in closed teflon tubes-autoclaves heated in the HotBlock 200 system was proposed (Table 1).

The Scheme 1 provides complete dissolution of iron ore samples at temperatures of 150—180 °C
during 60 minutes.

For geological rocks with silicate and carbonate matrices, sample preparation is carried out in two
stages (Scheme 2). This scheme afterwards proved its effectiveness when performing serial analyses,
providing a full cycle of dissolution of 54 samples within 4 hours.

A fusion method with lithium hydroxide in silver crucibles heated in the HotBox 300 system
has been developed for difficult-to-dissolve materials on a geological basis (ilmenite, zirconium
concentrates, and refractories). Compared with the popular option of fusion with lithium metaborate in
platinum crucibles [14], this method (Scheme 3) has a number of advantages:

* the cost of crucibles is significantly less;

due to the absence of boric acid, the stage of melt leaching is simplified, the level of spectral
overlays is reduced, it becomes possible to determine impurity boron in the analyzed materials.

3 — Selection of optimal conditions of ICP-AES measurements and equations of calibration
dependencies. The internal standard (Sc, In, Y) is most often used in ICP-AES analysis [4]. Its use in
comparison with calibration in absolute intensities, as a rule, leads to an increase in the accuracy of
measurements. At the same time, in the analysis of geological materials, when determining elements
in the ranges content of 50—100 %, this technique turns out to be insufficient, and then a very labor-

intensive method of limiting standards is used [15].

Table 1. Sample preparation of geological and technical materials

Object of analysis Sample preparation conditions

Iron ore raw materials Scheme 1 — acid dissolution

Sample weight 0.1 g

Reaction mixture: HCI (8 cm?), HF (0.5-2 cm?), HNO; (0.5 cm?)
Heating at 150-180 °C — 60 min

Geological materials with Scheme 2 — acid dissolution

silicate and carbonate matrices | Sample weight 0.1 g

Heating at 180 °C — 60 min

Stage 1. Reaction mixture: HNOs (5 cm?), HF (0.1-0.8 cm?®)
Stage 2. Reaction mixture: HCI (5 cm?), 4 % H;BO; (7 cm?)
Heating at 120 °C — 20 min

Ilmenite, zircon concentrates, Scheme 3 — fusion with LiOH

refractories Sample weight 0.1 g

Weight of LIOH 1 g

Fusion at 720—-820°C — 20 min

Leaching of melt: 70 cm?® HCI (1:5), HF (0.1-0.25 cm?)
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In the method with concentration ratio calibration, the matrix component of the sample acts as
an internal standard. The calibration dependencies are plotted in the coordinates «relative intensity»
(the ratio of signal intensities of the element being determined and the standard) — «the ratio of
concentrations of the component being determined and the standard». The quantity of calibration
dependencies coincides with the quantity of detectable components in the sample. In the presence of
undetectable analytes, the calculations of the component contents in the samples must be adjusted.
Table 2 shows the equations with concentration ratio calibration, which ensure the best accuracy of
ICP-AES measurements during silicate analysis in comparison with other calibration methods [8]. It
should be clarified that this calibration method has been tested in the ICP-AES analysis of geological
and technical materials with F and CI contents of no more than 0.1 % by weight.

4 — ICP-AES analysis under specified conditions of sample preparation and calibration. The
procedures of ICP-AES analysis of geological materials with silicate, carbonate matrices, iron ores
and technical materials with improved metrological characteristics have been developed. Table 3, as
an example, shows comparative accuracy indicators of ICP-AES and SCAM No. 487-HS procedures
of analysis of silicate rocks.

5 —Processing and comprehension of measurement results. The ICP-AES procedure of silicate rocks
analysis has successfully passed certification and is currently functioning in the Analytical Center of SC
«Siberian PGO» Rosgeologiya in the rank of the standard of the enterprise STP No. 04-KHA.

The procedure iron ores analysis by ICP-AES allows to determine iron with a given, and all other
components, as a rule, with accuracy exceeding GOST 23581 and in wider contents ranges [10].

The ICP-AES procedure of carbonate rocks analysis was successfully tested during the
interlaboratory certification of the standard sample of slag Sh17 produced by CJSC «Institute of
Standard Samples» (Yekaterinburg) [9].

Table 2. Graduation equations with concentration ratio calibration

Graduation equations for ICP-AES analysis

ject Of analysi ) - !
Object Of analysis of geological and technical materials
Cat0,  Cre,0, Czro, 100% -m.1m. 1.
Silicate rocks _— + -+ Z = =
Csio,  Csio, Csio, Csio,

. . C C % -n. 1.1
Materials with a carbonate ZALOs | “Fe0s 4 Czro, _100% -n.n.m.
matrix Ccao Cecao Ccao Ccao

: Cao; | Ccao Czno, 100% -m.m.m.’
Iron ore raw materials' = -1
Cre,0,  Creyo, Cre,0, Cre,0,
Zircon, ilmenite concentrates Ce: C Crs 100 % -

. . . ’ sio HfO. TiO. 0 — I IL. I1.

refractories with a high Mg 24— 4.4 2 = -1
Czro,  Czro, Czro, Czro,

content
%4_ Ccao . Czro, _100%-n.n.m.
Crio, Crio, Crio, Crio,
Ca,05 | Ceao Czro, 100% -m.1m.1.
i + —_— . = - 1
Cugo  Cmgo Crmgo Cmgo

'

*) The amount of oxygen required for the oxidation of iron (II) into iron (III) oxide is taken into account in the m.m.im’.
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Table 3. Data of silicate rocks analysis accuracy obtained using the ICP-AES developed procedure and SCAM
487-HS

Measurement ranges Accuracy rate (+A,%) Measurement ranges Accuracy rate (+A,%)
of ele(l;)er;ftgmdes ICP-AES Ngsfg{\l/[{s of ele(oni)eittgmdes ICP-AES Ngsf Q{\I/EIS
SiO, K,O
from 20,0 to 30 incl. 2,0 3,7 from 0,1 to 0,2 incl. 20,0 37,0
over 30,0 to 40,0 incl. 2,0 2,5 over 0,2 to 0,5 incl. 20,0 29,0
over 40,0 to 50,0 incl. 2,0 2,0 over 0,5 to 1,0 incl. 8,0 25,0
over 50,0 to 60,0 incl. 1,4 1,6 over 1,0 to 2,0 incl. 8,0 21,0
over 60,0 to 70,0 incl. 1,2 1,4 over 2,0 to 5,0 incl. 8,0 16,0
over 70,0 to 95,0 incl. 1,2 1.4 over 5,0 to 10,0 incl. - 11,0
CaO TiO,
from 0,1 to 0,2 incl. 16,6 43,0 from 0,01 to 0,02 incl. 38,0 55,0
over 0,2 to 0,5 incl. 16,6 31,0 over 0,02 to 0,05 incl. 38,0 43,0
over 0,5 to 1,0 incl. 9,8 24,0 over 0,05 to 0,1 incl. 30,0 33,0
over 1,0 to 2,0 incl. 9,8 19,0 over 0,1 to 0,2 incl. 12,0 27,0
over 2,0 to 5,0 incl. 9,8 14,0 over 0,2 to 0,5 incl. 12,0 22,0
over 5,0 to 10,0 incl. 73 10,0 over 0,5 to 1,0 incl. 9,0 18,0
over 10,0 to 20,0 incl. 3,3 6,0 over 1,0 to 2,0 incl. 6,0 14,0
over 20,0 to 30,0 incl. 1.9 5,0 over 2,0 to 5,0 incl. 6,0 11,0
over 30,0 to 40,0 incl. - 3,0 over 5,0 to 10,0 incl. - 7,0
MgO ALO;
from 0,1 to 0,2 incl. 35,0 43,0 from 0,2 to 0,5 incl. 13,0 35,0
over 0,2 to 0,5 incl. 30,0 31,0 over 0,5 to 1,0 incl. 13,0 27,0
over 0,5 to 1,0 incl. 20,0 24,0 over 1,0 to 2,0 incl. 7,0 22,0
over 1,0 to 2,0 incl. 4.5 18,0 over 2,0 to 5,0 incl. 7,0 17,0
over 2,0 to 5,0 incl. 45 13,0 over 5,0 to 10,0 incl. 3,0 13,0
over 5,0 to 10,0 incl. 45 9,0 over 10,0 to 20,0 incl. 3,0 7,0
over 10,0 to 20,0 incl. 2,0 7,0 over 20,0 to 30,0 incl. 2,0 5,0
over 20,0 to 30,0 incl. 2,0 5,0 over 30,0 to 40,0 incl. - 4.0
over 30,0 to 40,0 incl. 2,0 4.0 over 40,0 to 50,0 incl. - 3,1
over 40,0 to 50,0 incl. - 3,0 over 50,0 to 60,0 incl. - 2,7
Fe,0; MnO
from 0,5 to 1,0 incl. 10,0 26,0 from 0,01 to 0,02 incl. 30,0 53,0
over 1,0 to 2,0 incl. 10,0 20,0 over 0,02 to 0,05 incl. 30,0 45,0
over 2,0 to 5,0 incl. 10,0 14,0 over 0,05 to 0,1 incl. 19,0 39,0
over 5,0 to 10,0 incl. 4.0 8,0 over 0,1 to 0,2 incl. 10,0 27,0
over 10,0 to 20,0 incl. 4.0 4.0 over 0,2 to 0,5 incl. 10,0 20,0
over 20,0 to 30,0 incl. 3,0 3,0 over 0,5 to 1,0 incl. 4.0 -
over 30,0 to 40,0 incl. - 2,0 over 1,0 to 2,0 incl. 4.0 -
P,0s Na,O
from 0,01 to 0,02 incl. 23,0 37,0 from 0,5 to 1,0 incl. 13,0 -
over 0,02 to 0,05 incl. 23,0 29,0 over 1,0 to 2,0 incl. 13,0 20,0
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Table 3 Continued

Measurement ranges Accuracy rate (+A,%) Measurement ranges Accuracy rate (+A,%)
of ele(r;lA)enwttgmdes ICP-AES NQSE 8/A;E\I/[{S of ele(r;)e&ttgmdes ICP-AES Ngsgj 8A7{\;[{s
over 0,05 to 0,1 incl. 23,0 24,0 over 2,0 to 5,0 incl. 8,4 16,0
over 0,1 to 0,2 incl. 8,0 19,0 over 5,0 to 10,0 incl. 8,4 11,0
over 0,2 to 0,5 incl. 8,0 15,0
over 0,5 to 1,0 incl. 8,0 12,0
- over 10,0 to 12,0 incl. 8,4 -
over 1,0 to 2,0 incl. 5,0 9,0
over 2,0 to 5,0 incl. 5,0 -

Using the ICP-AES procedure of technical materials analysis, additional information on the state
standard samples composition of ilmenite (GSO 8850—2006), zircon (GSO 4087-87) concentrates, and
chromite-periclase type refractory HPZ (GSO 4117-87) was obtained [11].

Conclusion

Based on the conducted research, as well as the results obtained by testing the developed procedures
on real objects, it can be argued that the ICP-AES method with concentration ratio calibration can be

used in full-scale silicate analysis of geological and technical materials.
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