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Alkali-activated metallurgical slag as a sustainable adsorbent

This paper is devoted to obtaining a zeolite-containing sorbent based on metallurgical waste — slag. The syn-
thesis of zeolite adsorbent from ash and slag was carried out by hydrochemical and thermal treatment. The in-
itial object and the obtained material were characterized using following methods: Fourier-transform infrared
spectroscopy, scanning electron microscopy, energy dispersive analysis, X-ray phase analysis, titrimetry. The
way of converting solid-phase waste into a beneficial product has been demonstrated. The study results
showed that the surface of the obtained material is saturated with functional groups (hydroxy-, carboxy-, lac-
tone), which predetermine the ability to bind metal ions during adsorption. The adsorption capacity of the
product has been estimated for iodine and methylene blue. A thermodynamic analysis of the process of sorp-
tion of copper (I1) ions from an aqueous solution has been conducted. It has identified that the sorbent can al-
so be used for the adsorptive concentration of ions of rare-earth elements by the example of lanthanum and
erbium. Laboratory testing of the possible use of the sorbent to purify industrial water was carried out using
the example of wastewater from a chromium plating shop.

Keywords: metallurgical slag, recycling of slag, sorbents, sorption, absorption capacity, d-, f-metals ions,
wastewaters purification, sorption isotherms, thermodynamics of adsorption.

Introduction

Zeolite materials are of great fundamental and industrial importance and widely used as commercial ad-
sorbents and catalysts. All the unique properties of zeolites are specified with their structure based on porous
aluminosilicates formed by a combination of tetrahedral [SiO4], and [AlO4]s . One way to obtain them is to
converse metallurgical wastes into zeolites; however, the phase composition of the material obtained by the
hydrochemical pathway is controlled by various factors such as temperature, type of modifying agent and its
concentration, pH of the media, etc. [1-5].

The purification of natural and industrial water bodies from copper ions is a significant environmental
issue due to its relatively high toxicity. The threshold limit value (TLV) for copper ions in drinking and sani-
tary waters for domestic and industrial use is 1 mg/L, then 0.001 mg/L is for reservoirs of fish economic pur-
pose. Thus, practice shows the residual concentration of Cu in water purified at pH level from 8 to 9 is
0.1-0.2 mg/L generally, which conforms to theoretical calculations on the solubility of copper hydroxide in
aqueous solutions [6, 7]. This issue may be solved by applying sorption methods of purification with inor-
ganic sorbents. However, even though a considerable amount of research focused on an in-depth investiga-
tion of how to turn slag into a beneficial material (in this case, adsorbent), many open questions should be
answered to clarify this mechanism [7-13].

This paper aims to demonstrate the behavior of the alkali-treated metallurgical slag in the water purifica-
tion by testing it for both model metal-containing solutions and in industrial multi-component water system.

Experimental

The solid-phase waste of the metallurgy plant “ArcelorMittal Temirtau” was applied as a raw material.
The technique that consists of two stages is used to design the adsorbent. Firstly, the initial material has been
washed with distilled water for 48 h, then has been dried at room temperature. The ratio of S/L was one to
ten (by weight). The intermediate was treated thermally in the muffle furnace at the temperature of 600 °C
for 90 min. in the presence of sodium hydroxide solution (2 mol/L) used as a modifying agent. The ratio of
S:L was the same. The final product has been tested for the adsorption properties.

The following methods have been applied to characterize the material synthesized: X-ray Powder Dif-
fraction (XRD) analysis was conducted using the DRON-4-07 diffractometer. The scanning electron micro-
scope Hitachi TM3030 with microanalysis system Bruker X Flash MINSVE (accelerating voltage of 15 kV)
has been used to determine the elemental composition and structural features of the adsorbent. Finally, the
IR-spectra of the samples have been taken by FTIR-spectrometer FSM-1201.
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The concentration of functional groups concentrated on the adsorbent’s surface has been determined by
the Boehm method described in [14]. In addition, the material capacity in the adsorption toward iodine and
methylene blue has been estimated by well-known procedures [15, 16]. Regarding the adsorption tests, sam-
ples of industrial multi-component waters have been taken to purify by the adsorption in a static mode at a
temperature of 298 K. The duration of this treatment was 30 minutes. The analyte’s volume of each portion
was 20 ml, the mass of adsorbent for each test was 0.5 g. Both spectrophotometry and titration methods have
been used to detect initial and residual concentrations of metal ions. The chemical composition of the water
taken from industry has been detected by the XRF method (on the X-MET 8000 GEO portable X-ray fluo-
rescence analyzer) before and after the adsorption tests.

The adsorption experiments with the wastewater taken from the industry were carried out at the follow-
ing conditions: temperature was 293 K, mass of each portion of the sorbent was 0.5 g, the duration of the ad-
sorbent/adsorbate contact was 19 h in the static mode. The stirring frequency with a magnetic router was
500 rpm. Three parallel series of purification experiments were performed.

Results and Discussion

It is known that the bulk of solid wastes like ashes and slags consists of both macroelements (Al, Fe,
Ca, Si, Mg, S, C), which are significant constituents of mineral rocks, and microelements as minor compo-
nents [17].

Experimentally (based on XRD analysis), the phase composition of the slag has included
CasAly(OH)4Si304,, Fe,03, MgsAlLTiO2s, MnS, and KOH-H,O that are likely to be products of the coal ag-
glomeration. However, after the thermal treatment experienced by the slag sample, which had dried before,
there was a radical change in color that turns from greyish to light blue (Fig. 1), which can be caused by
phase transformations.

Figure 1. The slag dispersed of the metallurgical enterprise “Arcelor Mittal Temirtau” (1);
sorbent obtained after alkaline treatment (I1)

The elemental composition of the material has been determined by the energy dispersive X-Ray analy-
sis (EDXRA) (Fig. 2, 3); the ratio of Si/Al is 20.62 approximately, which is consistent with high-silica zeo-
lites (Si/Al ratio for them is from 10 to ) [18].
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Figure 2. The EDXRA spectra and elemental composition of alkali-treated metallurgical slag
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Figure 3. EDXRA pictures of alkali-treated metallurgical slag

The FTIR spectra of the studied samples can be conditionally divided into three frequency regions

<470-1600, 16002900, and >2900 cm (Fig. 4).
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Figure 4. FT-IR spectra of the initial slag (green) and the alkali-treated sample (red)

The first region (<470-1600 cm ™) includes vibration bands of Si-O (Si), SO*, Al-OH, Si-O groups.
The prominent absorption bands present in all spectra are rather intense bands at 777 cm™. Since the Si-O
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bond is common for all silicates and clay materials, it may be assumed that the absorption bands in the re-
gion of 777-1135 cm™ are mainly due to the stretching vibrations of Si-O.

Because of alkaline treatment, changes occur on the material surface, which are observed in the FTIR
spectrum in the form of a shift of absorption bands in one direction or another. For example, the absorption
band at 509 cm ™ is shifted to the left by 19 cm™. The absorption band at 928 cm™ has shifted to the right by
155 cm . The intensity of the absorption band at 1442 cm™* due to alkaline treatment decreases by a 0.15
relative unit (a.u.).

It can be seen from the above spectra that in the second region (1600-2900 cm™), the intensity of the
absorption band at 2350 cm™ as a result of alkaline treatment of the material increases by 0.05 a.u. The in-
tensity of the absorption band at 2800—2900 cm ™ due to alkaline treatment increases by 0.02—0.03 relative
units.

The third region > 2900 cm™ is mainly associated with the stretching vibrations of OH-groups its pres-
ence can be seen at absorption band 3435 cm ™. Absorption in the region of 3440-3738 cm ™ is presented as
bands associated with vibrations of free O-H groups. An absorption band at 3435 cm ™ increases by 0.07 a.u.
in the intensity after the alkali treatment.

In addition, there is a growth in the intensity of the absorption band at 3647—3738 cm* by 0.04 a.u. af-
ter the treatment.

The results of the Boehm method based on acid-base titration have revealed that there are carboxyl, hy-
droxyl and lactone groups on the adsorbent surface (Table 1).

Table 1
Content of carboxyl-, hydroxyl and lactone functional groups in the sorbent sample
Functional group Total Hydroxyl groups Carboxyl groups Lactone groups
Concentration
[mmole/g] 1.06 0.44 0.30 0.32

According to [14], the adsorbent samples were examined for the adsorption concentration of iodine and
methylene blue (MB) (Table 2).

Table 2
Adsorption capacity of the sorbent synthesized toward iodine and MB
Adsorption capacity
Adsorbate Carbon sorbent [17-18] Synthesized sorbent
Iodine X, % 25.00 13.65
Methylene blue A, mg/g 40.00 55.00

It is found that sorbent has an adequate sorption capacity towards both substances. Nevertheless, com-
pared to the carbon sorbent, the slag-based one works better for MB, while the former one is approximately
twice efficient for iodine. Generally, it should be assumed zeolite-templated sorbent is applicable for the cap-
ture of organic and inorganic pollutants.

As for the capture of metal ions, copper was chosen for the adsorption tests. Figure 5 demonstrates the
dependence of the adsorption capacity (a,) on pH, and the highest a. values have been achieved at pH 4,6-7.

However, these high indexes in the pH range 67 are likely to be related to the impact of hydrolysis that
foster copper (1) hydroxide to form and precipitate. At pH 4, the deprotonation of hydroxyl groups increases
the number of negatively charged centers on the sorbent surface. Since a negative charge raises the electro-
static gravitational force on the surface of sorbent and metal ions, the latter ones begin to concentrate on the
sorbent surface quickly. Thus, further experimental tests were carried out at pH 4.

The adsorption isotherms for the pair consisting of alkali-treated slag as adsorbent and Cu®" ions as
adsorbate (at 318 K, under static conditions) are presented in Figure 6.
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Figure 5. Effect of pH on the adsorption of copper (1) ions by the slag-based sorbent in aqueous solutions
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Figure 6. Adsorption isotherms Cu(ll) onto sorbent at 318 K and pH 4: plotted from experimental data (I).
Theoretical isotherms Freundlich (11) and Langmuir (I11)

There is a level off at 4 g/L with the degree of purification of ~88.72 % (Fig. 6(1)). In [19], authors have
compared the adsorption capacities of copper (II) ions on various low-cost adsorbents: diatomite (27.55
mg/g) and modified diatomite (55.56 mg/g) [20], cassava waste (56.82 mg/g) [21], dehydrated wheat bran
(51.51 mg/g) [22]; around low concentrations up to 1 g/L the sorbent investigated is likely to be the alterna-
tive to them. If the metal concentration is higher than 1 g/L, the adsorbent behaviors likely the materials
based on citric acid modified soybean hulls (154.90 mg/g) [23], modified orange peel (289 mg/g) [24] or
nanoporous metal-organic framework MOF-5 (290 mg/g) [24].

Next, the experimental adsorption isotherm was processed using the Langmuir and Freundlich equa-
tions. By comparing the approximation coefficients and the location of isotherms on the diagram can be con-
cluded Freundlich’s model is more suitable for this case. Finally, the thermodynamic parameters that de-
scribe Cu(ll) adsorption onto the slag-based sorbent from agqueous solutions have been calculated (Table 3).
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Table 3

The adsorption constants for the Freundlich model and thermodynamic parameters
of the adsorption of Cu(ll) ions onto the sorbent

Value 298 K 318 K
1/n 0.41 0.39
K 107 0.096 0.090
Correlation coefficient 0.97 0.99
—AH, kJ/mole 2.29
—AG, kJ/mole 11.16 12.06
AS, J/mole-K 29.77 30.73

The values of the isobar-isothermal potential have a negative sign that indicates the spontaneous charac-
ter of the adsorption. The higher temperature is, the higher are the Gibbs energy values. The chemisorption
type of adsorption can be predicted on the basis of the change in enthalpy equal to —2.29 kJ/mole. The posi-
tive value of the change in entropy is likely to correspond to the feasibility of adsorption and the randomness
that is raised at the sorbent/solution interface due to the adsorption of metal ions onto the slag-based materi-
al.

Besides that, the zeolite-templated sorbent is used to concentrate rare metals ions from aqueous solu-
tions on the example of lanthanum (111) and erbium (I11) (Table 4).

Table 4

Concentration of La**, Er®* ions on the sorbent surface

Metal ions Fion, PM a, mole/g X, %
La>* 101 510 99.80
Ert 226 5107 99.90

Thus, the results demonstrated that the level of extraction is high for both La and Er. The literature re-
view of the La(lll) sorption capacities of different sorbents, illustrated that though the different experimental
conditions, the reported materials has comparable sorption capacities: SnO,—~TiO, NCs nanocomposites [26]
and polydopamine/nanofibrous mats [27], showing 0.473 and 0.429 mmole/g, respectively. That is close to
the sorbent with 0.50 mmole/g in this work (Table 4), whilst grapefruit peel has an adsorption capacity of
1.233 mmole/g [28]. As for Er(l11) ions, the sorbent based on rice husk demonstrates the monolayer capacity
of 250 mg-g~' for Er(111) [29] that is higher than the material developed has.

Regarding the purification of industrial waters, the investigated sorbent has been tested toward the
wastewater that is oversaturated with metals ions from the chromium plating shop of the metallurgical plant
“ArcelorMittal Temirtau”. The following diagrams (Fig. 7-9) provides the results obtained by comparing the
total content of metals before and after the purification (the conditions are presented in Experimental).
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Figure 7. The change in the content of Cr and Al in the wastewater before purification and after
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Figure 8. The change in the content of Zn, Bi, V, B, Cu, Ti, and Fe in the wastewater before and after purification
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Figure 9. The change in the content of Ni, W, La, and Mo in the wastewater before and after purification

There is an overall trend of decreasing the concentrations for all metals tested. Turning to the details,
the amounts of chromium and aluminon as main components have been down by 32.19 and 29.41 %, respec-
tively. Likewise, the concentrations of zinc and wolfram have halved after the adsorption. As for copper and
molybdenum, their amount in the wastewater has declined by four times approximately.

Conclusion

To sum up, it may be concluded that zeolite-templated adsorbent obtained by two-stage hydrochemical
and thermochemical treatment from metallurgical slag has been influential in wastewater purification based
on adsorption.

The possibility of using the sorbent obtained in water purification has been evaluated on the examples
of model solutions that contains copper (I1) ions and rare metal ions. Besides that, the adsorbent’s capacity
toward industrial wastewater from the metallurgical enterprise “ArcelorMittal Temirtau” has been estimated.
Therefore, it can be assumed that obtained sorbent may be used in the sewage treatment.
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III.K. AmepxanoBa, A.C. Yomu, P.M. lllnsmnos, /[.C. benribaesa

CinriMeH OesiceHAeHAIpIIreH MeTALIYPIrHSVIbIK KOK TYPAKThI COPOEHT peTiHje

Maxkaina MeTaTyprisuiblK KaJAbIKTap — [UIAKTap HeTi3iHAe LEeoluT 0ap COpOeHT amyra apHainFaH. Kym meH
KOXKJIaH LEOJIUT ancOopOCHTIHIH CHHTE31 TMAPOXUMIUSUIBIK XKOHE TEPMHSUIBIK OHJEY apKbUIBI JKYPIi3iireH.
Bactankel 00BeKT >koHE aJIBIHFAH MaTepuall Kelleci Tajujay SmiCTepiH KoJiaHy apKbuibl cumarttanmsl: MK-
Oypbe CHEKTPOCKONHS, CKaHEpJICHTIH 3JIEKTPOHABl MHKPOCKONHWS, SHEPrHs JUCIEPCHSUIBIK aHaJu3,
peHTreHaik ¢asaiblK Tangay, TUTpuMeTpus. KaTTel (asanblk KalablKTapAbl Maifanbel eHIMIe aiHaIAbIpy
Tocimi OepinreH. 3epTTey HOTIDKeNEepi KOPCETKEHICW, alblHFaH MaTepHalAbIH OeTi amcopOims KesiHze
MeTaJUl HMOHAAPhIH OalNaHBICTHIPY KaOiMeTiH aiAblH-ana aHBIKTAUTBIH (YHKIHOHAIABI TONTapMeH
(ruapokcu-, kKapOOKCH-, JTAKTOH) KaHBIKKaH. OHIMHIH afcopOUMSUTBIK KaOineTi WoN MEeH METHIICH KeriHe
KaTeIcTBl OaranaHanel. Mpic (II) MOHEAPHIHBIH CYyNBI EpITIHAIACH COpPOLMIAHY MpOLECiHE TEPMOIMHA-
MHKaIBIK Tangay skacanraH. CopOeHTTI JaHTaH MeH »pOWil MbICAIBIHIA CHPEK-)Kep SJIeMEHTTEepiHiH
HOHJIApBIHEIH aJJCOPOTHBTI KOHIEHTPAIMACH! YIIIH Ji¢ KOJaHyFa OOJNATHIHABIFBI KOPCETUIreH. OHAIPICTIK
CyIBl Ta3apTy YIIiH COPOSHTTI KOJAaHy MYMKIHIITIHIH 3€pTXaHAJIBIK ChIHAFBI XPOMJIAY IEXBIHBIH aFbIHJIbI
CyJapbIHBIH MBICAJIBIH/IA XKYPIi3iI/Ii.

Kinm ce30ep: METAIUTYPrUsUIBIK KOX, KOXKIBI OHICY, COpOEHTTEp, copOuus, copOuus Kabineri, d-, f-meramn
WOHZAPBI, aFbIHABI CyJIapbl Ta3apTy, COPOLMSIIBIK H30TEpMaap, aqcopOLUsIHbIH TePMOIUMHAMUKACH.

II.K. AmepxanoBa, A.C. Yamu, P.M. lllsmos, [[.C. benpru6aesa

MeTaurypruyecknii IUIaK, AKTUBUPOBAHHBIN 11€J104bI0,
KaK YCTONYUBBIN a1cOpOEeHT

CraThsl TOCBSIIECHA IOJIYYEHHUIO IEOJIHTCOAEPIKAIIEr0 COPOCHTa Ha OCHOBE OTXOIOB METAJLIYPIHYECKOTO
Npou3BOACTBa — IIIaka. CHHTE3 IIEOJIUTHOTO aJCOpPOCHTA U3 30JI0LIIaKa IPOBOIMICS MTOCPEACTBOM THIPO-
XUMHYECKOH M TepMHYECKOH 00paboTku. VcXoqHBIH OOBEKT M IMOJyYEHHBI MaTepHal 0XapaKTepH30BaHBI
crenyomuMu Metofamu aHamuza: MK-Oypee crekTpockonusi, CKaHUPYIOIMas 37IeKTPOHHAs MHKPOCKOTHS,
SHEPrOJMCIICPCHOHHBIA aHalM3, PEHTIeHO(A30BbIH aHaNM3, TUTPUMETpUs. IIpOIEMOHCTPUPOBAH MyTh Ipe-
BpamleHns] TBEpA0(a3HBIX OTXOMOB B MOJIC3HBIH MPOAYKT. Pe3ynbTaTel MccinemoBaHMs ITOKa3ald, YTO MO-
BEPXHOCTB MOIyYEHHOTO MaTepualia HachlleHa (pyHKIMOHANFHBIMI TPyTIaMi (THAPOKCH-, KapOOKCH-, JTaK-
TOHOBBIE), TPEIONPEACISIONIMMHI CIIOCOOHOCTh CBSA3BIBATh HOHBI METAJUIOB IIPH aCOPOIHH. ACOpPOIMOHHAs
€MKOCTh NPOJyKTa OLEHEeHa MO HoIy M MeTWIeHOBOMY roybomy. IIpoBeseH TepMOIMHAMUYECKHI aHAIH3
nporecca copbrun uoHoB Memu (1) w3 BogHoro pacrtBopa. Iloka3aHo, uyTO COpPOEHT MOXKET OBITH
MCIIOJIB30BaH U /IS aJICOPOLIMOHHOTO KOHIIEHTPUPOBaHHSI HOHOB PEIKO3EMENbHBIX JIEMEHTOB Ha MpHUMeEpe
nmaHTaHa u 3poust. Kpome Toro, mpousBeneHa abopaTopHas anpoOanys BO3MOXKHOTO IPIMEHEHUs copOeHTa
JUISL OYMCTKH MPOMBINUICHHBIX BOJ HA IIPUMEPE CTOYHON BOJIBI I1€Xa XPOMHUPOBAHHS.

Kniouesvie cnosa: Merammyprudeckmii Imiak, mepepaboTka Iulaka, COpOEHTHI, copOmus, copOIMOHHAs
€MKOCTb, HOHBI O-, f-MeTasIoB, OYHCTKA CTOYHBIX BOJI, H30TEPMBI COPOLIMH, TEPMOTMHAMHKA aICOPOLIHH.
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