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Onpeoenensl ceoiicmea zpaHyiupo6annozo 0omennozo winaka «ApcenopMumman Kpu-
6oii Poz», obycnosnusarouwue e2o copouuoHHyio akmuenocms. B cocmaese paxyuii winaka uoen-
mugpuyuposanvt munepanvi: okepmanum CaMQSi:0r7, 2enenum CarAl(AlSi),07, panxunum
CasSi0y, ncesoosonnacmonum CaSiOs, mepeunum CazMgSizOs, mukpoxaun KAISisOs, kanvuum
CaCOs, ovozamum CaS ¢ cooepicanuem auOMOCUIUKAMO8 Kanvuus u maznus > 50%. Hexomo-
pule hazvl naxooamesa 6 amophuom copoyuonno-akmuenom cocmoanuu. Iloxkazana yenecooopas-
HOCIb aKmusauuu wiiaKa 6000 ¢ meuenue 1 cym, ¢ pezyiomame KOmopoil HA NO8EPXHOCMU 00-
Pasyiomca u OUCcoyuupyrom 2uoOpoKCuabHble U CUIAHOAbHbIE 2PDYRALL C hopMuposanuem ompuya-
MebHO20 3apa0a ROGEPXHOCIU WINAKOBbIX YACHUY, YO0 XapaKmepHo 0as anomocunuxamos Ca u
Mg, a maxice munepanog Karvyuma u oavocamuma. Popma uzomepmuvl adcopoyuu ceudemens-
cmeyem 00 00pazosanulu ROTUMONIEKYTIAPHBIX C/10€68 OP2AHUYECKO20 KPACUmeis MemuieH06020 Cu-
Hezo (MC), umo yeenuuueaem Iphekmugnocmep winaKoeozo copoenma. Benuuuna aocopoyuu MC
He menee 2 me/2. Ilokazano omcymcemeue oecopoyuu MC uz winaka, umo obecneuusaem oe3onac-
HOCMb KAK 3AXOPOHEHUs OMPadOmanHozo0 copoeHma, maK u €20 YyMmuiu3ayuu 6 Kaiecmee HaAnoJl-
Humena cmpoumenvHylX mamepuanos. /lokazana paouayuonnan 6e3onacHocmey winaka. Yoenvnas
appexmuenan axkmusnocms paxuuii winaxa ne npesviuiaem 370 br/ke, umo pazpewaem ux uc-
nonb306aHUE 6 KaUecmee MEeXHUYECKUX mamepuanos 6e3 ozpanudenuil. Ilpeonosxcena mexnonozu-
Yyeckasa cxema a0COPOUUOHHOI OUUCMKU CHIOYHBIX 600 NPEORPUAMUIL OP2AHUYECKO20 CUHME3d U
MeKCMUIbHOU NPOMBIUIEHHOCIU, COOEPHCAUUX OP2anuYecKue Kpacumesnu, ¢ NOMOWLbIO WNAKo-
6020 copoenma. Cmaduu mexnHoa02u4ecKo20 npoyecca: NOCMynjienue wiaka u3 omeana, aHaius
MUHEPAILHO20 COCMABA WIAKA, 600HAA AKMUBAYUS WINAKA, CHAMUYEeCKdA copouus Kpacumeeil 8
OMCmoIHUKe, OalbHeluas YMuiu3auusa wiaka u nOCHmynjieHue o4UUWEeHHbIX 600 6 NepeuiHoe
npouszeoocmeo. Texnonozua npedycmampueaem yoanenue opeaHuecKux Kpacumesnei U3 ChouHvlxX
600 U UX NOGMOPHOE UCNOb308AHUE, YMO 0Decneuusaem 3aMKHYnMOCHb YUKIA 000POMHO20 8000~
nompeodnenus, omcymcmaue pacxood XuMuiecKux peazeHmos Ha aKmueauuro WiaKko8ozo copoen-
ma, yayuuienue IK0102u4ecKoli CUMYauuu 8 MeCmax PacnolodceHUus WiaKkoeblxX omeanos 3d cuem
UCNOJIb306AHUA WISIAKO8 8 Kauecmee cOpOeHmos.

KuaroueBrbie ciioBa: copOIus, TpaHyIMPOBAHHEIN JOMEHHBIN UIAK, OPraHMYECKUE KPACUTEIH, BEIIU-
YWHA aJCOPOIHH, aKTHBAITUS 1IIJIaKa, aJICOPOITMOHHBIN MPOIECC, OYMCTKA PacTBOpa
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The properties of granulated blast-furnace slag from “ArcelorMittal Krivoy Rog”, which
stipulate its sorption activity, have been determined. The following minerals were identified in the
slag fractions: akermanite Ca,MgSi»O-, helenite Ca,Al(Al,Si).07, rankinite CasSi,O7, pseudowol-
lastonite CaSiOs, merwinite CasMgSi>Os, microcline KAISizOs, calcite CaCOs;, aldhamite CaS with >
50% of calcium and magnesium aluminosilicates. Some phases are in an amorphous sorption-
active state. The expediency of activation with water for 1 day is shown, due to which hydroxyl
and silanol groups are formed and dissociated on the surface with the formation of a negative
charge on the surface of slag particles, which is typical for Ca and Mg aluminosilicates as well as
minerals calcite and aldhamite. The shape of the adsorption isotherm indicates the formation of
polymolecular layers of the methylene blue (MB) organic dye, which increases the efficiency of
the slag sorbent. The adsorption value of MB is not less than 2 mg/g. There is obviously no de-
sorption of MB from the slag, which ensures the safety of both the disposal of the waste sorbent
and its utilization as a filler for construction materials. The radiation safety of the slag has been
proven. The specific effective activity of slag fractions does not exceed 370 Bg/kg, which allows
using them as technical materials without restrictions. A technological scheme of adsorption pu-
rification of wastewaters from organic synthesis enterprises and textile industry containing or-
ganic dyes, is suggested using a slag sorbent. The stages of the technological process are the fol-
lowing: receiving the slag from the dump, analysis of the mineral composition of the slag, water
activation of the slag, static sorption of dyes in the sump, further utilization of the slag and the in-
flow of purified water into the primary production. The technology provides for the removal of
organic dyes from wastewater and its repeated usage, which ensures the closed cycle of water re-
use, no need for chemical reagents for the activation of the slag sorbent, improvement of the en-

vironmental situation in the locations of the slag dumps due to the use of slags as sorbents.

Key words: sorption, granular blast-furnace slag, organic dyes, adsorption value, slag activation, ad-

sorption process, solution purification
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INTRODUCTION

In adsorption technologies, it is possible to
use various materials of natural and industrial origin
[1]. The introduction of low-waste technologies
makes it necessary to identify the resource value and
useful properties of industrial waste, to substantiate
the expediency of their disposal as technical materials
and sorbents when purifying industrial wastewater.
The efficiency of wastewater treatment with the help
of technogenic sorbents can reach 95% [2]. The pos-
sibilities of using various types of industrial waste are
shown: sorption of phosphate ions has been proven on
red mud [3], the modified waste of cellulose textile
waste is used to purify wastewater from metal ions
[4], thermally modified carbon-containing shungite in
combination with Al oxychloride is used in combined
wastewater purification from Fe (111) [5]. Materials of
inorganic origin can also be used for the sorption of
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organic compounds, for example, oil products [6] or
phenol [7] in a batch adsorption mode using modified
industrial solid waste in the presence of cationic and
anionic surfactants. Sorption of the cationic surfactant
[CH3(CH2)11N(CHz3)3]Cl with an adsorption value of
12.8 mg/g was carried out on slag cement [8]. It has
been shown that the textile dye Reactive Blue 19 is
absorbed by bentonite modified with a cationic sur-
factant [9]. Coal fly ash is successfully used for sorp-
tion of organic dyes [10-12]. The sorption of Acid
Brown 75 and Direct Yellow 162 dyes onto unmodi-
fied and modified by surfactant Hexadecyltrime-
tylammonium Bromide granules developed from coal
fly ash was carried out [13]. Layered silicates modi-
fied with cationic polyelectrolytes adsorb anionic or-
ganic dyes [14]. An ecological-chemical assessment
of metallurgical slags as sorbents was carried out with
the determination of the direction of practical use [15,
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16]. The sorption of methylene blue (MB), Congo red
(CR) and methyl violet (MV) by metallurgical slag
from Fe-Ni alloy production with the main mineral
diopside CaMg(Si,Og) was studied [17, 18].

Objective of the research is to substantiate
the possibility of using granulated blast-furnace slag
from “ArcelorMittal Krivoy Rog” as a sorbent for
organic dyes with the development of a technological
scheme for adsorption wastewater purification with
ensuring the closed cycle of water reuse. To achieve
the goal, it is necessary to determine the mineralogi-
cal composition of the slag, prove its radiation safety,
characterize the slag surface (specific surface area,
particle charge), determine the sorption activity of the
slag in relation to MB, prove that there is no desorp-
tion of MB from the slag.

Methods of the research. The mineralogical
composition of the slag was determined using X-ray
phase analysis carried out on a Siemens D500 powder
diffractometer in copper radiation with a graphite
monochromator. The primary search for phases was
carried out using the PDF-1 card index [19], the cal-
culation of X-ray patterns was performed by the
Rietveld method using the FullProf program [20].

Micrographs of the surface of slag particles
were obtained using a JSM-6390 LV scanning elec-
tron microscope.

Specific activities of natural slag radionu-
clides (Ai) were determined by gamma-spectrometric
method using a scintillation gamma-spectrometer
SEG-001. Based on the results of the gamma-
spectrometric study, the values of the specific effec-
tive activities of the slag fractions Aer were calculated
using the formula [21]:

A = Apq +1.31A +0.085A, , Balkg.
The organic dye MB sorption by slag was stud-

ied spectrophotometrically using SPEKOL 11. The slag
adsorption value (a) was calculated by the formula:
a=(Cl_Cz)‘V,mg/g (1)
m
where C; and C; are sorbate (MB) concentrations be-
fore and after the sorption respectively, mg/dm?; V —
is the solution volume, dm*; m — is the mass of the
sorbent, g. Initial dye concentrations were 10-20 mg/dm?,
which is comparable to the concentration ranges of
dyes in the washings of the textile industry.

The specific surface area S of the slag, deter-
mined by the air permeability method on the TQD-G1
device, is 1625 cm?/g for the slag fraction < 0.63 mm.
The small value of S indicates insufficient develop-
ment of the slag surface to be the main reason for its
sorption activity.
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The charge of particles and the magnitude of
the electrokinetic potential are determined during
macroelectrophoresis of slurry suspensions. Granu-
lometric slag fraction < 0.63 mm was used. The pres-
ence on the surface of the slag of silanol groups dis-
sociating with the cleavage of H* determines the neg-
ative charge on the surface of the slag particles. The
electrokinetic potential was calculated by the formula
that takes into account the movement of the suspen-
sion border to the positive electrode (h = 2.633 mm)
and the time of movement of the suspension border
(659.5 s). The value of &-potential 11.7 mV corre-
sponds to the average &-potential for mineral suspen-
sions with conditionally spherical particles.

RESULTS AND DISCUSSION

Mineralogical composition of the slag. X-ray
phase analysis of the slag showed the presence of
mineral phases (fraction > 10 mm), %: calcite CaCOs
(33.2), akermanite Ca,MgSi.O7 (5.5), helenite
CaAl(ALSIO7 (24.6), rankinite CasSiO7 (4.8),
pseudowollastonite CaSiOs; (4.3), merwinite
CasMgSi20Og (6.1), microcline KAISizOg (6.5), old-
hamite CaS (15.1). The wavelike nature of the slag
diffraction patterns is associated with the presence of
amorphous phases. X-ray diffraction patterns of slag
fractions < 0.63 mm and 1.25-2.5 mm show a diffuse
maximum against the background in the range of an-
gles 20-40°. The glassy structure is visible on micro-
graphs of slag particles belonging to different frac-
tions (Fig. 1). With rapid cooling, granular slags do
not have time to completely crystallize, therefore they
possess a chemical, sorption and hydraulic activity.
Thus, the sorption properties of the slag can be ex-
plained by the high concentration (> 50%) of Ca and
Mg aluminosilicates and the presence of amorphous
compounds.

Slag radionuclide composition. When using
slags as sorbents, their radiation safety must be en-
sured. The most probable mechanism for the accumu-
lation of natural radionuclides is heterovalent isomor-
phic substitution in the structures of slag minerals
[22]. Table 1 shows the results of gamma spectromet-
ric analysis of slag fractions. The radionuclide com-
position of the fractions differs from each other, espe-
cially in the “°K isotope. The 2*2Th activity does not
change significantly. 4ra increases by 1.35 times with
increasing dispersion of fractions and reaches a max-
imum value of 91 Bg/kg. The highest A4er values were
recorded for fine fractions < 1.25 mm. Coarse frac-
tions > 5 mm are the most radiation-pure. However,
the Aer value of the average sample and all slag frac-
tions does not exceed 370 Bg/kg; therefore, slag frac-
tions can be used without restrictions as a technical
material [21].
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Fig. 1. Micrographs of the surface of granulated blast-furnace slag parti-
cles at a magnification of 300, fraction, mm: a— 1.25-2.5;b—> 10
Puc. 1. Mukpodororpad iy HOBEpXHOCTH YaCTHUI IPaHyIHPO-
BAaHHOTO JJOMEHHOTO nu1aka rnpu ysennuenuu 300, Gppaxuun,
mM: a—1,25-2,5; b —>10

Sorption characteristics of the slag. The
main quantitative characteristic of the slag sorption
activity — the adsorption value (a) — was determined
in a static mode. Chemical activation with water and
solutions of 0.5 M H2SO,; and 1 M NaOH, tested to
increase the sorption activity of the slag, showed that
the value of adsorption avs for a certain period of
time does not depend on the type of activator. Within
24 h, a reaches a value of 0.2 mg/g. With a slight var-
iation in the rate of sorption after the effect of various
activators, in order to save chemical reagents and
eliminate the stage of washing the slag from the acti-
vator, water pre-treatment for 24 h is recommended.
An adsorption isotherm was constructed according to
the experimental data (Fig. 2).

The adsorption value does not reach the limit-
ing value with an increase in the equilibrium concen-
tration of MB (C.g). This indicates a high efficiency
of adsorption with the formation of a polymolecular
layer of organic dye on the surface of the sorbent.

The efficiency of cleaning wash water with an
MB concentration of 20 mg/dm®was tested within 5 days
and was, %: 97.5 (1 day), 99.9 (3 days); 99.95 (5 days).

The slag, which was sorbing MB until the
maximum a was reached, was stored in water for 30 days,
after which MB was not detected in the control water
samples. Thus, the efficiency of adsorption is con-
firmed by the absence of MB desorption from the slag.
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Table
Results of gamma-spectrometric analysis of granular
blast-furnace slag fractions
Taobnuya. Pe3yabTarbl raMMa-clIeKTPOMETPHYECKOT0
a”Hau3a GppakuMii TPaHY/IMPOBAHHOIO JOMEHHOI0 IIIJIAKA

Taction mm |4 Bk ey
Average sample 127+15 116 85 | 25
> 10 117+17 209 67 | 24
5-10 119+18 244 65 | 25
2.5-5 131+18 269 75 | 26
1.25-2,5 153+19 369 88 | 26
0.63-.25 157+19 368 89 | 28
<0.63 161+19 391 91 | 28

2

o0

%IJ

=

1

0 4 | | .

0 1

Cp - Mg/dm?

Fig. 2. Isotherm of MB adsorption by granular blast-furnace slag
activated with water for 1 day (T = 298 K, Coms = 20 mg/g)
Puc. 2. U3otepma aacopbiur MC rpaHyIupOBaHHBIM TOMEH-
HBIM NIJIaKOM, aKTUBUPOBAHHBIM BO,HOfI B TeueHue 1 CyT
(T=298 K, Comc = 20 mr/r)

Earlier in [18], it was shown that a slag
sorbent based on the diopside mineral adsorbs organic
dyes MB, Congo red (CR), and methyl violet (MV).
The common feature of this sorbent with the sorbent
based on granular blast-furnace slag studied in this
work is the presence of hydroxyl and silanol groups
formed upon contact with water and causing a nega-
tive surface charge. The dyed ion of MB is positively
charged and is adsorbed mainly on electronegative
(acidic) adsorbents. Polar adsorption is accompanied
by ion exchange between the sorbent and the solution.
The retention of the large ion of the dye on the sur-
face of the sorbent is facilitated by dispersion forces.
The adsorbed aromatic compounds have a sufficiently
large constant dipole moment due to which induction
electrostatic interaction with the sorbent surface oc-
curs. The nature of the interaction of slag adsorbents
and organic compounds indicates the occurrence of
specific, irreversible activated adsorption, which is
confirmed by the virtual absence of desorption of or-
ganic compounds from the waste sorbent. The chemi-
cal inertness of slag minerals exhibits with a simulta-
neous manifestation of sorption activity.
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Technological scheme of adsorption purifi-
cation of wastewater from organic dyes with ensu-
ring the closed cycle of water reuse. The scheme (Fig. 3)
can be used at organic synthesis enterprises and textile
industries. Granular blast-furnace slag from dump
1 goes to block 2 for mineral composition analysis. If
the mineral composition meets the necessary require-
ments, the slag is activated by water in reservoir 3.
The water can be used repeatedly to activate the por-
tions of the slag sorbent. Periodic adjustment of the
water volume is provided. After activation, the slag
sorbent enters tank 4 of the adsorption wastewater
purification, where the dyed wastewater from enter-
prise 5 enters. When the process is carried out under
static sorption conditions on the slag, the concentra-
tion of organic dyes in industrial wastewater is signif-
icantly reduced. The holding period is 3 days. After
the end of the cycle in adsorber 4, the purified water
enters the technological process at the consumer en-
terprise. The cycle of water reuse is closed.

For the purification of 1 m® of wash water
with an MB concentration of 10-20 mg/dm?, tak-
ing into account the value of slag adsorption for 1 day
a = 0.2 mg/g, 50-100 kg of slag will be required.

CONCLUSIONS

The sorption activity and efficiency of granu-
lated blast-furnace slag from “ArceloMittal Krivoy
Rog” as a sorbent is determined by the aluminosili-
cate composition of the slag, the presence of com-
pounds in the amorphous state, the negative charge of
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the slag particles surface, the adsorption value of
> 2 mg/g, the formation of a polymolecular layer of
MB on the surface of the slag, the absence of MB de-
sorption, radiation safety.

The proposed adsorption purification of
wastewater from organic dyes will offer to saving
water resources and solving the environmental prob-
lems of the accumulation of solid waste from metal-
lurgy when used as sorbents. The absence of MB de-
sorption from the waste slag sorbent ensures the effi-
ciency of the adsorption process.

{ o
1 — 2 —- 3
[ 2 4
s 4

1 I

Fig. 3. Technological scheme of adsorption purification of
wastewater from organic dyes with a slag sorbent: 1 — slag dump;
2 — analysis of the mineral composition of the slag; 3 — slag acti-
vation tank; 4 — sump for wastewater decolorization; 5 — consum-
er enterprise
Puc. 3. TexHonmornyeckas cxema aicOpOIMOHHON OYMCTKH CTOUHBIX
BOJI OT OPraHWYECKUX KpacuTelNel IITaKOBBIM COPOEHTOM: 1 — OTBaI
nUIaka; 2 — aHaJM3 MUHEPaJIbHOTO COCTaBa IIIaka; 3 — pe3epByap
aKTHBallMH IIJIaKa, 4 — OTCTOMHUK JJIA 06€CHB6‘II/IBaHI/Iﬂ CTOYHBIX
BOJI; 5 — MpeANpUATHE-TIOTPEOUTEND
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