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Amwmauu;l. OuncTKa CTOYHBIX BOJ OT MOHOB MCTAJIJIOB B COOTBCTCTBHUU C MCKAYHAPOAHBIMH

AKOJIOTHYECKUMHU TPEOOBAHUSIMH aKTHBHO CITIOCOOCTBYET CIIPOCY Ha PacCIIUPEHUE MPOU3BOJICTBA yTiie-

POOHBIX COp6eHTOB 13 NCIICBBIX BUAOB OPraHUYCCKOI'O ChIPbA C OMHOBPEMCHHBIM CHUCTCMHBIM U3YyYC-

HHEM HX CBOWUCTB H XapaKTCPUCTHUK. O}_IHaKO CTOUT Y4YUTBIBATH, YTO OCHOBOIIOJJIATrarOIIUM MOMCHTOM

npu BeIOOpE GUIBTPYIOIET0 MaTepuaa st COPOIMOHHON OYHCTKH SBIIsIeTCS 3)(HEKTUBHOCTD M 9KO-

HOMHUYHOCTBH €TI0 J3KCILTyaTallyuu. B pa60Te MMPEACTABICHO UCCIEA0BaAHUE BO3MOXHOCTH IMPUMEHCHUA

XUMHUYCCKHU U TCPMOXUMUYICCKHU MO):[I/I(l)I/ILII/IpOBaHHBIX COCHOBBIX OITMJIOK (I[O) 1 CKOPJIYIIBI KEAPOBOI'O

opexa (CKO) ¢ppakuuu 0,75-2,00 MM B KauecTBe GUIBTPYIOIIUX COPOIIMOHHBIX MaTePHAJIOB B IIMKJIAX

copOIrsT — necopOITrs TPHU W3BJICUYCHHH MOHOB METAJIOB M3 BOAHBIX cpea. OTMedeHo, uyTo Hambo-

JIeC 3(1)(1)CKTI/IBHLIM METOAOM MO,Z[I/I(I)PIKaLII/II/I JIMTHOLCJUTIOJIO30COACPIKAIICTO ChIPbA ABJIACTCA TECPMO-

XMMHUYecKasi 00paboTka B pe3ysibTaTe MOCIeJ0BaTEIbHO MPOBEICHHBIX CTAANNH 00XHra B My(QelbHON

rreun ipu Temmeparype 300+ 10 °C u oxucienus SH HNO; B reuenue 5 1 npu tremmeparype 80+3 °C.

Takas mogndukanus HatuBHEIX CKO n IO cocoOCTBYeT pOCTY Kak COIEpKaHUsl KUCIOPOACOIepKa-

HIUX TPYTI B COCTaBE MOMYYaeMbIX YIIIEPOIHBIX COPOSHTOB, TaK U BEIMYMHBI UX COPOLIMOHHOMN eMKO-

ctu o otHOMmeHuto k noHam meau(Il), muaka(Il), aukensa(1l), kagmusa(Il). Beisteiero, 9To TepMOXUMU-

gyecku obpaboranHas CKO moxeT ucnonb3oBaTbes Kak 3(GeKTHBHBINA COPOLMOHHBIN MaTepuan A

n3BiedeHus: noHoB Meau(Il) B cTaTuueckux ycaoBUsSX NPU ONHOKpaTHOM m3BieueHuu (A= 15,36 mr/r).

OCc00EHHOCTBIO pean3aIiiy TPEX MUKIIOB COPOITHS — TeCOPOIHS ¢ TPUMEHEHHEM MOTH(DUITIPOBAHHOMN

CKO sBusiercst yBenuueHue 3h(HeKTHBHOCTH U3BIIeUeHU Meau pacTBopoM SH H,SO, ¢ KaXIbIM HOBBIM

aTanoM — oT 52,63 mo 83,33 %. YrepoaHbie COPOSHTHI HA OCHOBE TEPMOXUMHUECKH MOAUMHUIIUPO-

BAaHHBIX I[O MOTYT OBITh PEKOMEHIOBAHBI IJIA COp6I_II/IOHHOFO H3BJICYCHUA B JTUHAMHUYCCKUX YCIIOBUAX

nonoB Hukensa(1l) u kaqmusa(Il) ¢ addexTuBHOCTEIO TMKITa copOms — necopoums Su H,SO,, mocturaro-

mer 90,44 u 80,30 % COOTBETCTBEHHO.

© NIBopsukuH /1. 1O., Bexmou U. A., Ilepsosa U. I, Knenasiosa U. A., 2024



Ne 4 (91), 2024 . JNleca Poccnm 1 x03AMCTBO B HUX 189

Kntroueewle cnosa: yrnepomasie COpOSHTHI, CKOPITYTIa KEPOBBIX OPEXOB, COCHOBBIE OMMIIKH, (DHITh-
TPYIOLIUE MaTepUabl, aJcOpPOIUs, OUUCTKA CTOYHBIX BOJI

Jlna yumupoeanus: YriaeponHbie COPOSHTHI HA OCHOBE OTXO/I0B AepEeBO0OPabOTKH KaK (PHIBTPYIO-
e MaTepualbl UTisi COpOIMOHHOTO U3BIedeHns noHoB MetaiuioB / J. FO. JIBopsakuH, U. A. Bekuroy,
. T IleproBa, U. A. Knenasnosa // Jleca Poccuu u xo3siictBo B HuX. 2024. Ne 4 (91). C. 188-200.

Original article

SAWDUST CARBON SORBENTS AS FILTER MEDIA FOR METAL REMOVAL

Daniil Yu. Dvoryankin!, Irina A. Veklyuch?, Inna G. Pervova’, Irina A. Klepalova*

14 Ural State Forest Engineering University, Yekaterinburg, Russia

! daniil.dvoryankin.02@mail.ru, http://orcid.org/0000-0002-5906-5787
2 irinavekluch@mail.ru, http://orcid.org/0009-0006-8710-1446

3 pervovaig@m.usfeu.ru, http://orcid.org/0000-0002-1635-8643

4 klepalovaia@m.usfeu.ru, http://orcid.org/0000-0002-1635-8643

Abstract. Wastewater treatment from metal ions in compliance with international environmental
requirements stimulates both growing demand for obtaining carbon sorbents based on cheap organic raw
materials and the simultaneous systematic study of their properties and characteristics. Furthermore,
when choosing a filter material for sorption treatment, fundamental factors to be considered are the
efficiency and economy of its operation. The article presents the results of a comparative study of
potential for using chemically and thermochemically modified pine sawdust (PS) and Siberian pine
nut shells (SPNS), particle sizes in range 0,75-2,00 mm, as filtration media in sorption — desorption
cycles when extracting metal ions from aqueous solutions. It has been noted that the most effective
method for modifying lignocellulose-containing raw materials is thermochemical treatment comprised
of successive stages of heating in a muffle furnace at 300+ 10 °C and oxidation with SN HNO; for
5 hours at 80+£3°C. Such a modification of initial PS and SPNS samples promotes an increase in
both the content of oxygen-containing groups in the composition of the carbon sorbents obtained and
the value of their sorption capacity with respect to copper(ll), zinc(Il), nickel(II), and cadmium(II)
ions. It has been revealed that thermochemically treated SPNS has the great potential to be used as an
effective sorption material for the extraction of copper(Il) ions under static conditions with a single
extraction (A= 15,36 mg/g). An important feature of the implementation of three sorption — desorption
cycles using a modified SPNS is the increase in the efficiency of copper extraction with a SN H,SO,
solution with each new cycles — from 52,63 to 83,33 %. Carbon sorbents based on thermochemically
modified PS can be recommended for sorption extraction of nickel(II) and cadmium(II) ions under
dynamic conditions with the efficiency of the SN H,SO, sorption-desorption cycle reaching 90,44 and
80,30 % respectively.

Keywords: carbon sorbents, pine nut shell, pine sawdust, filtration materials, adsorption, wastewater
treatment
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Beenenue

Ha nepeBooOpabarsiBarommx u mepepadarbiBaro-
LIMX MPOMU3BOACTBAX B 3aBUCHMOCTH OT KadecTBa I10-
CTaBJISIEMOTO CHIPBSI, TEXHOBOOPYKEHHS PEIIPHATHSL,
€ro MOIITHOCTH, TUITA U3TOTOBJSIEMOH MPOIYKIIUHA M-
KOZIUCTIEPCHBIE OTXOAbl (OIMMJIKH) MOTYT COCTaBISTH
10 5—10 % OT UCXOTHOTO CHIPbA, a, HATPUMED, CKOPIY-
a keaposoro opexa — 51-59 % ot Beca camoro opexa
U B JaJIbHEHIIIEM CKIaJUPYIOTCS B OTBAJIaX KaK OTXOJ
MPOM3BOACTBA. DTH OTXOJbI, IOMUMO HX HCIOIb30Ba-
HUS IPY U3TOTOBIICHUH MTPOLYKIIMU JIPYTOTO BUJIA WITH
pasmepa, aKTHUBHO HCCJIEOYIOTCS B KauecTBe copOuu-
OHHBIX MaTepUalioB Uil yOaJlleHHs M3 CIa0OKHCIBIX
[IAXTHBIX BOJI, IPOMBIBHBIX CTOYHBIX BOJ| TaJIbBaHH-
YEeCKHUX M METaJII000pabaThIBAOIINX IPOU3BOICTB 3a-
rpszHstomuyx BemecTs (Adsorption of heavy..., 2009;
Heavy metal..., 2009; The role of sawdust..., 2002;
Koctur m Poxxos, 2010; Biosorption potentials...,
2021). Ilpuyem BocTpeboBaHHOCTH COpPOEHTOB Ha
OCHOBE JIUTHOLICJLIIONIO30COACPIKAIIETO BO30OHOB-
JISIEMOTO CBIPbs MOCTOSIHHO yBennuuBaercs (EBcrtur-
Hee, 2015; Utilizing adsorption..., 2024; Berraksu
and al., 2013), xoTs 10 HEJAaBHEr0 BPEMEHH PHIHOK
(GWIBTPYIOIIMX CPEACTB IPAKTUYECKU IOJHOCTHIO
OBLI 3aM0JIHEH MUHEpaJIbHBIME copOeHTamu. Ha npu-
Mepe OYUCTKH CTOYHBIX BOJ TEKCTUIILHOTO MPOU3BO/I-
ctBa (Combination of pozzolan..., 2024) moxa3aHa
KOHKYPEHTOCIIOCOOHOCTh (MIIBTpa, 3arpy3ka KOTO-
pOTo TIpe/CTaBleHa TOJIBKO JPEBECHBIMU OIUIIKAMH,
10 CPAaBHEHMIO C MUHEPAIbHON 3arpy3Koi A yaaje-
HUS COETUHEHUH XpoMa.

KpynHomaciirabHoe HMCIIONBb30BaHHE — YIIIEPOI-
HBIX COPOCHTOB AJIsl OYUCTKH CTOYHBIX BOZ OT HOHOB
METaJUIOB COOTBETCTBYET B HaWOOJNBIICH CTENEeHH
MEKIyHAPOIHBIM DKOJIOTHYECKUM TpeboBanusM (3y-
eBa 1 @omun, 2003) U mpexamonaraeT paciuupeHue
MIPOM3BOACTBA COPOCHTOB M3 ACHIEBHIX BUAOB OPTaHU-
YECKOTO CBHIPbsI C OJIHOBPEMEHHBIM CHCTEMHBIM H3Y-
YEHHUEM HMX CBOICTB U XapakTepucTHK. OZHAKO CTOUT
YUUTHIBATh, YTO OCHOBOIONATAIOLIMM MOMEHTOM IIpH
BBIOOpE (pUIBTpYyIOIIETO MaTepuana JUIsl COpOIMOH-
HOW OYUCTKHU fABJIsIETCS 3(PPEKTUBHOCTH U SIKOHOMUY-
HOCTb €ro dKCITyarauuu. Tak, K cCOpOLMOHHBIM Ma-
TepualiaM TPEIbIBISIOTCS CIEeIyIONHe TPeOOBAHMS:
HEBBICOKAs CTOMMOCTb, XOPOIIAsi TEXHOJOTHYHOCTh,
orcytcTBue aAepunurTa. JIMrHOLEmTI0I030Cc0AepKa-
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[IME OTXOIbI MOJHOCTHIO OTBEUAIOT 3TUM TpeOoBa-
HUSIM, HO TIPUHSTO CYUTATh, YTO UCIIOIH30BAHHUE OIIH-
JIOK B Ka4€CTBE COPOIIMOHHOTO MaTepralia OTIINIaeTCs
OJTHOPA30BOCTHIO: MOCIE COPOIMOHHOTO HAKOTLIICHUS
W3BJICKACMBIX M3 BOJBI KOMIIOHEHTOB OTPaOOTaHHBIHN
a7copOeHT OOBIYHO TOABEpPraeTcs YTHIN3ALNU COKH-
ranuem (Heavy metal..., 2009; Escturnees, 2015;
Ou4ucTKa CTOYHBIX BOJ. .., 2022).

B T0 ke BpeMs SJKOHOMHUYECKHUE MTOKA3aTeNN yIJie-
POMHBIX COPOCHTOB HAa OCHOBE JPEBECHBIX U PACTH-
TENBHBIX OTXOJOB MOTYT OBITh TIOBBIIICHBI, €CITH OHU
OymyT oOmamaTh CIOCOOHOCTHIO K MHOTOPa30BOM
pereHepanui ¢ BOCCTAHOBICHHEM TMEPBOHAYABHBIX
CBOWCTB. YCTpaHEHHUs HENOCTATKOB, MPUCYLIMX Ha-
TUBHBIM OIWJIKAM, W YJIYYIICHHS [TOTIOIIAOIINX
CBOWCTB MOYKHO JOCTHYb 3a CUET MOJU(HKAIUN UX
CTPYKTYPBI B pe3yJbTaTe TEPMO- U XUMHUYECCKOH 00-
pabotku. B psige pabor oTMedaeTcs Kak yBEIHUe-
HHUE COPOIIMOHHOW €MKOCTH JIUTHOLEILTIOI030COACP-
JKaIMX COPOLIMOHHBIX MAaTepHaloB MOCHe OOXKHIa
u/vmm xumuaeckoit Mmogudukaruu (Utilizing. .., 2024;
Activated Carbons..., 2019; Adsorption of Cu(Il)...,
2012; Chemical modifications..., 2016; Ilomyue-
Hue. .., 2013; Functional lignocellulosic..., 2018), Tak
¥ BO3MOXXHOCTh uX perereparuu (The role..., 2002;
Modification and application..., 2020; Regeneration
and reusability..., 2022; Functionalized sawdust-
derived..., 2020), 4T0 3HaYUTEIHHO COKpAIIAET YHC-
JIO TPYIIOEMKHUX OIEpalii mepe3arpy3ok (GpuibTpos.
B pesysbrare npuMeHeHHE B Ka4eCTBE pereHepupye-
MBIX aJICOPOCHTOB HEOOPAOOTaHHBIX (HATUBHBIX) HITH
MOJITOTOBJICHHBIX 10 CIICIUATBHON TEXHONIOTHH (MO-
JuGUKaAIMK) APEBECHBIX M PACTHTEIBHBIX OTXOIOB
OyzeT crnocoOCTBOBATh PELICHHUIO JIBYX 3a/1a4: BEIOOPY
ONTHUMAJIBHBIX HAMpaBJICHUH YTHIN3alUUd OTXOJOB,
obpasyronmuxcss Ha JepeBooOpadaThIBAIOIIUX TIPO-
W3BOJICTBAX, U CHU)KCHHIO aHTPOIIOTCHHOW HATpy3KU
3a CYeT HWCIOJIB30BaHUsl OHopasiaracMbIX COpOIH-
OHHBIX MaTepHajoB B TpoIeccax YIaJIeHHUs U3 BOJIBI

OITIACHBIX TOKCHUKAaHTOB.

eb, 00beKThI
M METOAUKA HCCIeT0BAHUS
Lens wuccnemoBaHusi — OINPEACIUTh BO3MOXK-
HOCTb ITPUMCHCHUSA MOI[I/I(I)I/IIII/IpOBaHHLIX COCHOBBIX

OIIMJIOK MU CKOPJYIIbI KEAPOBOI'O OpEXa B Ka4YCCTBC
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(GUIBTPYIOMIUX COPOIIMOHHBIX MaTepHAJIOB B IUKIIAX
copOuust — necopOuus Mpu U3BICUCHUU HOHOB Me-
TaJIJIOB M3 BOJIHBIX CPE/I.

OCO00OEHHOCTBHIO0 MaTEPHAIIOB PACTUTEIHLHOTO TIPO-
UCXOXJICHUS SIBJISCTCS MpeoOliaflaHue B HMX COCTa-
BE OPraHMYECKUX BEIICCTB: IIE/UIIOJI03bI, JIMTHHHA
U TIOJNHCAaXapUJ0B TEMUIIEIUIION03, KOTOpPhIE JOCTa-
TOYHO JIETKO IMOJBEPTarOTCS TEPMO- M XHUMHYCCKOU
00paboTke. B maHHOM HCCIe0BaHUN B Kau€CTBE HC-
XOIHOTO CHIpbs ObUTH BHIOpaHbL: ckopiyma (CKO)
OpEXOB COCHBI CUOUPCKOI kenpoBoii (Pinus sibirica)
¢ pasmepom gactuil 0,75-2,00 mm u ommmnku (O)
JIPEBECHHBI COCHBI OOBIKHOBEHHOU (Pinus sylvéstris)
¢ pazmepom vactui 0,75-2,00 MM, TOTy4YEHHBIE C Je-
peBOOOpadATHIBAIONINX W TIEpPEepadaTHIBAIOIINX TIPO-
u3BonucTB CBepmiioBckoit obmactu. B cocrtaB ckop-
JIYTIBI KepOBOTO opexa (oOpaserr 1) mo pe3ynbraram
aHanM3a cortacHo (XuMHs PaCTUTENBHOIO ChIPBA. ..,
2013) Bxomat: 50 % meITIoN036l U TEMUIIEILTION03,
30 % nurauna, 9 % cmon u xupos, 11 % Bogopac-
TBOPHUMBIX BEIICCTB. B COCTaBe COCHOBBIX OIHIIOK
(obpazent 2) comepxurcs 54 % MEIUTION03bI U TEMH-
uestono3, 28 % murauna, 7 % cMon u xupos, 11 %
BOJIOPACTBOPUMBIX KOMITOHEHTOB.

Tepmuueckyro MoaM(pHUKaNKIO HATHBHBIX 00pas-
I[OB CKOPJIYIIBI U OMWJIOK MPOBOJIMIN B My(enbHOMN
meun Mapku SNOL 22/1100. HaBecky cvIpbsi mome-
IIaJIi B KEPaMHUYECKUE EMKOCTH, CTABWIJIM B pa3orpe-
Tyto 10 300°C medp U BBIACPKUBAIN B TCUCHHE HE
6oee 35 MUH /715 TOBBIIIICHNS POLIEHTA COXPaHEHUS
OpPTaHWYECKOW YaCTH MCXOMHOTO CHIphs. 3aTeM B Te-
YeHHUe 15 MUH MPOXOMIIO OXJIAXK/CHUE B DKCHKATOPE
C MOJIyYSCHHEM TEPMOMOAM(DHUIIMPOBAHHBIX CKOPIIYIIBI
(o6pazerr 1.1) u ook (oOpazer 2.1). Beixox ot uc-
XOZIHOM Macchl ChIpbs cocTaBisteT 45-50 %.

Xumugeckas momudukarms oopasios CKO u 10
MIPOBOIMIIACH TIPY TIEPEMENINBAHUY C TIOMOIIBIO Jia-
OoparopHoro meiikepa [13-6410 B TeueHue 5 4 npu
temneparype 80+3 °C. HaBecky nccriemyeMoro mare-
puana 3 r MOMENaNH B IIOCKOAOHHYIO KO0y 00beMoM
250 mut u 3anmuBanu 100 M pactBopa Mmoaudukaropa —
5 HNO;. 3atem xumudeckn MOTUGUITIPOBAHHEBIE 00-
pasibl OTQUIBTPOBBIBAIN U IIPOMBIBANIN 10 HEUTPAITh-
HOW peax1 1y, BEICYLIMBAIIN HA BO3AYXE IIPU KOMHATHOMN
temmneparype. Ha ocaoBe CKO momyden obpazen 1.2,
Ha ocHoBe /1O — obOpazerr 2.2.
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TepMoXUMUYECKYI0 MOTUPUKAINIO 00pa3IoB
CKO u O ocyuiecTBasuIH MOCIEI0BATEIbHBIM IPO-
BEJICHUEM TEPMHUYECCKOW M XMMHYCCKOH Momuduka-
IIMU: HA TIEPBOM CTaJUU MPOBOIMIA OOXKHUT 00pa3IoB
npu Ttemneparype 300+15°C B mydenbHOW meun
mapku SNOL 22/1100 B Teuenue 35 MuH, Ha BTOPOi
CTaJIMM Te e 00pa3Ibl MOCIE OXJIAXKICHHUS Ha BO3ILY-
xe oOpabarsiBanu pactBopoM 5SH HNO,;, kak yka3aHo
BBITIE, JUISI YCIOBHA XUMHYCCKOW MOIU(DHUKAITIH.
B pesynwrare Obutm momy4eHsl copoeHT 1.3 (ucxom-
Hoe chipbe CKO) u copOenr 2.3 (1a ocuoge [10).

Jl1s1 Bcex nccnenyeMbIX yIIIepOIHBIX MaTePUAIOB
M3ydajrch COPOIMOHHBIE CBOWCTBA B CTaTHYECKOM
peKHME B YCIOBUSAX YCTAaHOBJICHUS PaBHOBECHUS TPU
KOMHATHOHN TeMIieparype U MOCTOSHHOM IepeMEIIIH-
BaHUU B BOJHBIX PAcTBOpax COJNed MeaW, [IMHKA, HH-
KEJIsl U KaJMHsl ¢ KOHIIEHTpanuei nonoB 500 mr/mm3.
dunsTpar W MPOMBIBHBIC BOABI aHAIM3UPOBAINA Ha
OCTaTOYHYI0 KOHIICHTPAIIMIO MOHOB METAJJIOB METO-
JIOM KOMIUIEKCOHOMETPUYECKOTO TUTPOBAHHS TPHIIO-
HoMm b (JIypse, 1971).

KonmuectBo copOMpOBaHHBIX MOHOB MeTalla —
COpOIMOHHYI0 €MKOCTh (A), MI/T, paCCUUTHIBAIH T10

dhopmyre

PR 4 1
~ m-1000 ° )
rae C; — NCXOAHOE CofiepKaHNe NOHOB METaJljla B HC-
XOJTHOM pacTBope, Mr/am>;

C, — oCTaTouyHOE COAep)KaHHEe HOHOB MeTalla
B (pusIBTpare, Mr/am;

V' — 00beM HCXOTHOTO PacTBOPA COMIM METAJLIa, CM>;

m —Macca copOeHTa, T.

HecopOiuro nonos meau(Il) B craruueckux ycio-
BUSIX NMPOBOAWIM cieayromumM obpasom: 0,5 T cop6-
LMOHHOTO MaTepuana MOMEWAIN B IJIOCKOJAOHHYIO
konOy oobemom 250 mur, 3aymBamm 100 mur pactBopa
51 H,SO,, BbIAECpKUBAIM NPU NEPEMEIINBAHUY C I10-
Molipio aboparopHoro meikepa [19-6410 5 4 mpu
KOMHAaTHOH Temmneparype. I1o ucreueHnn BpeMeHHu co-
JIEPKAMOE KaKION KOJOBI (PUIBTPOBAIU U (hUIIBTpaT
AQHAJIM3UPOBATIM Ha OCTAaTOYHYIO KOHILIEHTPALIUIO HOHOB
meau(1l). 3arem copOEHT MTPOMBIBAIN TUCTHIUTUPOBAH-
HOUM BOAOH [0 OTPHULIATENIBHOM peakUuu Ha KUCIOTY
Y BBICYIIMBAJIN JIO BO3AYIIHO-CYXOT'O COCTOSHUSI JAJIS

JadbHEUITNX UCCIIETOBAaHNH.
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PesyabTathl H MX 00Cy:KIeHHe

[Ipumenenne marepuajoB Ha OCHOBE PACTHTENb-
HBIX OTXOOB OOYCIIOBIEHO HE CTOJBKO WX HHU3KOH
CTOMMOCTBIO, a MPEXKIE BCEr0 €KErOJHON BO300HOB-
JISIEMOCTBIO, DKOJOTUYECKOW O€30MacHOCThI0 M XU-
MHUYECKHM COCTABOM, MO3BOJIIOLIMMH MONy4yaTh Ma-
Tepuabl Uil OYUCTKH CTOYHBIX BOJ OT MOJUTIOTAaHTOB
paznuaHOM pupoAsl. OTHAKO COPOIMOHHBIC CBOMCTBA
HAaTUBHBIX PACTUTEIBHBIX OTXOIOB II0 OTHOILICHHIO
K HOHaM METaJIOB MOTYT OBITh BeChbMa CKPOMHBI-
MU BBHJYy OTCYTCTBUSI CIICIIMAIHLHOM TOITOTOBKH I10-
BEPXHOCTH. 711 M3MEHEHHS CTPYKTYpPbI IIOBEPXHOCTH
U YBEJIMYCHUS COPOIIMOHHOM eMKOCTH ncxonHbix CKO
u J1O chIppsi B JaHHOM HCCIEIOBAaHUN OCYIIECTBICHA
X MoAu(UKaIHsL.

Jnsi KOMMYEeCTBEHHOTO OmNpeAeieHus (yHKIHO-
HaJBHBIX KHUCJIOPOACOIEPKAIINX TPYHI B yIIEPOI-
HBIX MaTepHajax 0 U Hocjie MoAuduKanuu mpume-
HWIN yrpoueHHblii metonx bosma (Boehm, 2002).
OO0miee KOMWYECTBO KHCIOPOACOAEPKAIIMX TPYIIT
(E o) OTIPENENSIIOCH IyTEM B3aMMOJIEHCTBHS 00pa3-
ua c¢ pactBopom NaOH. KonnuecTBo kKapOOKCHIBHBIX
rpymn (£.) ompenensiochk MyTeM B3aMMOACHCTBUS
obpazma ¢ NaHCO;. KomndecTBo THAPOKCHIBHBIX
rpynn (£,) ompenensiock no pasHoctu E,;, — E.
QOYHKINOHAIBHBIA COCTAaB MOIYYEHHBIX YITIEPOTHBIX
copOeHTOB TIpHBE/eH B Ta0. 1.

VYcraHoBieHO, 4YTO cOCTaB (DYHKUMOHANBHBIX
IpyHOI HAaTHUBHOTO oOpas3na 1 CKOpIyIbl KEAPOBOTO
opexa TOJIBKO

IpeaCTaBJICH THUAPOKCUIIbHBIMHU

rpyimamMi, a HaTUBHOI'O 06pa3ua 2 COCHOBBIX OIIH-

JIOK — TONBKO KapOOKcHIBbHBIMU. IIpu Tepmuueckoit
moguukanuu J1O 3a cueT AeCTPyKUUH MoJnMcaxa-
PHUIOB TPOWCXOMUT yBenWueHne B 2,3 paza oOiie-
rO KOJMYECTBA KHUCIOPOICOACPKAMMUX TPy E,yy
B cocraBe oOpasna 2.1 ¢ paBHBIM COOTHOIIECHHEM
yrciaa KapOOKCHIIBHBIX M THIPOKCHIIBHBIX TPYIII,
B TO BpeMsi Kak mpu tepmoodpadborke CKO Toipko
CHHU3WJIOCH B 2,5 pa3a coiep:KaHue THAPOKCUIIBHBIX
rpynmn. MeTtoj XMMHYECKOW MOAM(HUKAINN pacTBO-
POM MHHEPaIIbHOW KHUCJIOTHI HAlpaBIICH HA yBeIu4e-
HHE COOTHOIICHHUSI HOHOTEHHBIX TPYI B YIIEPOIHBIX
copOeHTaX, KOTOPEIE YIACTBYIOT B IIPOIIECCE COPOITIH
WOHOB MeTaiyioB. B xome momudukanum B oOpas-
e 1.2 mo cpaBHEHHIO C 00pa3loM | KOJIMYECTBO KHC-
JIOPOZACONEPIKAINX TPYMI yBeIudmwiocs B 1,5 paza
¢ cootHomienueM E,: E,=1:2.7. JIns obpasua 2.2 Ha
ocHose 110 E,,, yBenuuuiocs B 3 pasa ¢ npeodiaia-
HUEM TIPaKTHYECKH B 4 pa3a THIPOKCHIBHBIX TPYIIIL.
TepmoxuMudeckas MOIUPUKAIVSI 0Ka3alach CaMbIM
3¢ (EeKTUBHBIM METOIOM BO3JCHCTBUS HA U3MCHECHUE
(hyHKIIMOHAJIBHOTO COCTaBa yIIIEPOIHBIX COPOCHTOB:
MPUPOCT KUCIOPOACOAEPKAIMUX TPYIIT M  COp-
oenra 1.3 — B 2 pasa, s copbenta 2.3 — B 3,5 pa3sa,
MIpUYEM HE3aBHCHUMO OT MPHUPOABI HATHBHOTO CHIPHS
C TPEHMYIIECTBEHHBIM CONIEPKAHUEM THIPOKCHIIb-
HBIX (DYHKIMOHAIBHBIX TPYIIIL.

AJICOpOITMOHHYI0 aKTUBHOCTH YIJICPONHBIX COp-
OCHTOB W3y4Yall B CTATUYECKUX YCIOBHUAX IO OTHO-
mrenuto kK nonam meau(1l), uuaka(Il), nukens(Il), kan-
musi(11), mmeromux pa3nuvHble KOBaJCHTHBIN HHIIEKC

X2r (X, — 2JIeKTpOOTPHIATEIPHOCTh HOHA METAJLIA,

Tabnuya 1
Table 1
OYHKIMOHATBHBIA COCTAB YIIIEPOAHBIX COPOCHTOB
Functional parameters of carbon adsorbents
O6pa3enn
[Nokazarenu Sample
Functional parameters
1 1.1 1.2 1.3 2 2.1 2.2 2.3
Ej,, MI'*3KB/T 25 1.0 2.7 40 0 2,7 5,5 4,8
E,, mg-eq/g
Eq, mr-os/r 0,0 0,0 1,0 1,0 2,3 2,6 1,5 32
E., mgeq/g
Erotaly MI-5KB/T 2,5 1,0 3,7 5,0 2.3 53 7,0 8,0
Eorar, mg-eq/g
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¥ — WOHHBIH paJinyC, COOTBETCTBYIOIIMU Hambolee
YaCTO BCTPEYAIOLIEMYCSI KOOPAWHALMOHHOMY YHCITY )
W WOHHBIM wWHAEKC z°/r (z — (OpMajbHBIH 3aps
WOHAa MeETajlia), KOTOphIe MPHUHATO CYUTATh MEpPOi
BOBJICYCHHSI MOHOB BO B3aMMOJCHCTBHE C TOBEPX-
HocThio copOenta (Nieboer et al., 1999). 3nauenms
Xz2r B pany Zn(II)>Ni(II)—Cd(IT)—Cu(Il) usme-
Hs10Tc oT 2,16 10 2,97 COOTBETCTBEHHO, OJHAKO
3HAYEHUsSI z°/r UMEIOT JPYTYIO MOCIIEA0BATEIbHOCTD:
Cd(I)—Zn(II)—>Cu(ll)>Ni(Il) — or 4,1 mo 5,8.
Pesynbrarel ompeneneHus COpOLUOHHOW EMKOCTH
WCCJIeyeMBIX YIJIEPOIHBIX COPOCHTOB Ha OCHOBE
CKO m JIO B crarn4yeckux YCIOBHUSX IPHUBENEHBI
B Tabm. 2.

Hcxons n3 MOMy4eHHBIX JaHHBIX, MOXKHO CHIEaTh
BEIBOJI, YTO MOHBI METAJJIOB C MEHBIITNM, Ye€M y HOHA
menu(Il), koBaneHTHBIM HHIEKCOM MOAUGUIIMPOBAH-
HBIMH ajicopObenTamu Ha ocHoBe CKO m3BnexaroTcst
meHee dddekrtuBro. [Ipudem ams obpasma 1.1, mo-
JY4eHHOTO B pe3yJbrare TepMOoMOAM(UKAMH TpH
300°C m comepkamiero HaMMEHBINEE KOJHICCTBO
KHCJIOPOACOAepX AKX  (YHKIMOHAIBHBIX — TPYIIIL,
OTMEUYEHO NPAKTHYECKH TIOJIHOE OTCYTCTBHE COpO-
[IUOHHOM aKTUBHOCTH IO OTHOIIEHHUIO K BEIOPAHHBIM
WOHaM MeTaJuloB. B ciydae »xe MOIUQHUIMPOBAH-
HbIX 00pa31oB JIO 0JHO3HAYHOTO BBIBOJIA O BIMSHUU
Ha aJICOPOIUIO TOJIHKO KOBAJIEHTHOTO WHIEKCA HOHOB
METaJJIOB CJIeNIaTh HEeJb3s, OYEBHIIHO, HEOOXOIH-
MO TaKe yYUTHIBaTh M THAPOJU3 COJIEH METalioB
(OKabpoga, Eropos, 1961), 1 0cCOOEHHOCTH HOHHOTO
Y KOBAJICHTHOTO B3aWMOJICHCTBHSI METAJIOB C (pyHK-

[IMOHATILHBIMU TPYIIIAMH YTJIEPOAHBIX aJICOPOSHTOB
Ha ocHoBe japeecunbl (Khokhotva, 2010). Crout
OTMETHTb, YTO HANOONBIIYIO 23(PGEKTUBHOCTD a7Ccop-
OLMY 110 OTHOIICHUIO K NOHAM METaJIOB IPOJEMOH-
ctpupoBanu copOentsl 1.3 (ucxomHoe coipbe CKO)
u 2.3 (aa ocHoge /{0), TepMOXUMHUYIECKH MOIUPHUIIH-
poBanHbie SH HNO;.

[Mockonbky COpOEHTHI, 00IaIAIONINE CBOMCTBOM
BOCCTaHABIUBAThH CBOIO COPOIIMOHHYIO €MKOCTh TTOCIIe
00paboTKH, UMEIOT MPEUMYILECTBO MEpe]] COpOeHTa-
Mu 0e3 cnocooHoctu k perenepanuu (El Messaoudi,
2022; Zulu, 2020), B paMkax TaHHOHN pabOTHI B CTATH-
YEeCKUX yCIOBHAX ObLIa pealn30BaHa CXeMa HCCIe0-
BaHMS MOBEJCHUS YIIICPOJHBIX COPOEHTOB Ha OCHOBE
CKO B muximax copbmwm — necopOruy Ha TpuMe-
pe usBnedennst noHoB Cu(ll) (pucynok). Mcxomnas
koHnentpanus noHoB Cu(ll) cocrasmsia 100 mr/i,
B Ka4yecTBE pearcHTa JUisl IeCOPOIMH MCIIOIb30BaNICS
pactBop 5 H,SO,, xox omneparuii 6bI1 BOCIIPOU3BE-
JIeH J1Ba pa3a Jyisd MPOBEPKHU TOYHOCTU MOTYYECHHBIX
3HaueHUi. Macca cCopOMpOBaHHON MEIHM PaCCUHTHI-
Bajach KaK IPOW3BEJEHHE COPOIIMOHHONW EMKOCTH
M Macchl copOeHTa, MPUMEHEHHOTO B UCCIICIOBAHUH,
Macca JecopOMpOBaHHOIN MeIH — KaK MPOU3BElICHHE
KOHIICHTPALUU Meau B QUiIbTpare u oobemMa QuiIbTpa-
Ta MOCIe AecOpOLnH.

B pesynbrare npoBeneHUs TPEeX MOCIeI0BaTEIb-
HBIX IUKJIOB copOuuu — pecopouwu 5SH H,SO, mo-
HoB Cu(ll) yrmepoaHeIMH copOeHTaMH Ha OCHOBE
CKO 06U TONydYeHBl JaHHBIC, TPEACTaBICHHBIC
B Ta0i. 3.

Tabruya 2
Table 2
CopOuroHHas1 eMKOCTh YTIIEPOJHBIX COPOSHTOB
Sorption capacity of carbon sorbents
O6pazert
Ilokaszarenn Sample
Functional parameters
1 1.1 1.2 13 2 2.1 2.2 23
A cy), MT/T 5,12 0,64 10,24 15,36 3,13 7,68 10,88 12,60
A cq), MT/T - - - - 2,24 2,55 8,96 18,00
A iy, MI/T 4,10 0 8,30 10,60 6,85 4,80 13,70 18,50
A 70y, MI/T 3,90 0 6,50 9,80 9,80 8,13 14,30 16,60
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O6pasen Dran uccienoBaHus
Sample Experiment stage

[Tomy4yeHnHble JaHHBIE
Experimental data

IIpomeiBKa, Ccymka
Flushing, drying

IIpombiBKa, cynika
Flushing, drying

Flushing, drying
IIpombiBKa, cymnika
Flushing, drying

IIpomsIBKa, Cynika
Flushing, drying
IIpombiBKa, cymika

Puc. 1. Cxema uccnemoBanus oopasios Ha ocHoBe CKO B nukiax copoiuu — necopoiuu noros Cu(Il)
Fig. 1. Scheme of investigation of PNS-based samples in the Cu(II) ions sorption — desorption cycles
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Tabnuya 3
Table 3

PCSYJII:TaTBI HCCIICAOBAHUSA U3BJICUCHUSA HOHOB MEIN YITICPOJAHBIMHA COp6eHTaMI/I

Ha ocHOoBe CKO B cTaTHUECKHUX YCIOBUSAX

Results of the study of copper ions extraction by PNS-based carbon

sorbents in static conditions

OGpasett Macca copOupoBaHHOU Macca necopOupoBaHHOI DdextusrocTs wKIa, %
Safnple menu(I), mr menu(I), ur Cycle efficiency. %’
Mass of sorbed copper(Il), mg Mass of desorbed copper(Il), mg ’
Oran 1 copOuust — necopOrms
Phase 1 sorption — desorption
1 1,9 0,8 42,10
1.2 3,5 1,9 54,28
1.3 42 22 52,38
Orarn 2 copOuust — pecopOnus
Phase 2 sorption — desorption
1 1,9 0,9 47,36
1.2 3,5 2,1 60,00
1.3 42 2,9 69,04
Oran 3 copOuust — pecopOrus
Phase 3 sorption — desorption
1 1,9 1,0 52,63
1.2 3,5 2,2 62,85
1.3 42 3,5 83,33

YCTaHOBIIEHO, YTO KOJIMYECTBO COPOMPOBAHHOM
Menu obpasuamu 1, 1.2 u 1.3 Ha KaXI0M dTare He U3-
MEHSUIOCh, 8 d(QEKTUBHOCTH JeCOpOLIMH BO3pacTaia
MpY KaKJIOM CIEMYIONmEeM LUKJIE, TOATBEPKIas BO3-
MOXXHOCTb BOCCTaHOBJICHHUsI COPOLIMOHHON €MKOCTH
U TIOBTOPHOTO HCIOJIb30BaHUSI COPOSHTOB HA OCHOBE
CKO Ha npoTshKeHHH TPeX MUKIIOB COPOIHH — 1ecopo-
uuu SH H,SO,. Ilockonbky MakCUMadbHYIO CTEIIEHb
u3pneuenuss nonoB Cu(ll) memoHcTpupyeT oOpasers
1.3 mocne Tepmoxumuaeckoi oopadorkn CKO azor-
HOU kucinorod (3((EeKTUBHOCTh LUKNIA JOCTHTacT
83,33 %), cunTaem 1enecooOpa3HbIM PEKOMEHI0BaTh
€ro B Ka4ecTBe (DUIIBTPYIOIIETO CJIOS B anmaparax J0-
OYHMCTKU CTOYHBIX BOJI.

Hmst o6pasmos 2, 2.1, 2.2 u 2.3 Ha ocuose /1O
ObIa mccienoBaHa aHamoTHYHO (YIJIEpOIHEBIE COp-
OeHTHI. .., 2024) >QPeKTUBHOCTh MU3BICUCHUS NOHOB

IIUHKa, HUKEJIA U KaAMHUA B JUHAMHUYCCKUX YCIIOBUAX

C pacyeToM Macchl COpOMPOBAHHBIX U IE€COPOMPOBAH-
HBIX MeTaiioB (Tabm. 4). McxogHas KOHLEHTpauus
nonos Zn(Il), Ni(Il) u Cd(II) — 100 mr/n, mist necop-
O1im ueronb3oBad pactsop SH H,SO,. Beiseieno ot1-
cyrcTBue necopOuun noHoB Zn(Il) B ycnoBusx skcre-
pPUMEHTa, CJIEIOBATEIILHO, YIIIEPOIHBIE COPOCHTHI Ha
OCHOBE COCHOBBIX OITMJIOK MOTYT OBITH NPHMEHEHBI
TOJBKO JIJIsl KOHIEHTPALIMOHHOTO M3BJICYCHUSI HOHOB
3TOTO METAJIA U3 CTOYHBIX BOJI.

CTOHUT OTMETHTh, YTO M JUISl JTMHAMHUYECKHX YC-
JIOBUI B KauecTBE 3(P(EKTHBHOrO crocoba moiyde-
HUSL (QUIBTPYIOIIETO COPOLMOHHOTO Marepuana Jyis
U3BJICYCHNSI MOHOB METAJUIOB HEOOXOAMMO HCIIONb-
30BaTh MOCIIENOBATEIIFHOE MPOBEACHHE TEPMHUUECKON
1 XUMHYECKOH MOIU(HUKAIIMN COCHOBBIX OIMIIOK, MPU
9ToM 3((PEKTUBHOCTh NHKIA COPOIUS — IeCcOpOITHsI
5u H,SO, anst noHOB HHKENS M KaJMHsI COCTaBIISIET
90,44 u 80,30 % COOTBETCTBEHHO.
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Tabruya 4
Table 4

PC3YJILTaTI>I HCCIICAOBAHUA U3BJICUCHUA HOHOB LIMHKA, HUKEIIA U KaAMU YITICPOAHBIMU C0p6eHTaMI/I

Ha OCHOBEC IIO B IMHAMUNYCCKUX YCIOBUAX

Results of the study of zinc, nickel and cadmium ions extraction by PNS-based carbon

sorbents in dynamic conditions

ool IS M enon vt 0germmmnocts wrra, %
Mass of sorbed metal ions, mg Mass of desorbed metal ions, mg >
N3eneuenue nonos Zn(Il)
Zn(1I) ion extraction
2 1,79 0 0
2.1 2,12 0 0
2.2 5,12 0 0
23 16,60 0 0
Uzeneuenne nonos Ni(II)
Ni(II) ion extraction
2 0,39 0,23 58,97
2.1 0,65 0,41 63,08
22 1,04 0,87 83,65
23 6,75 6,105 90,44
N3Brneuenne nonos Cd(IT)
Cd(II) ion extraction
2 0,19 0,12 63,16
2.1 1,76 1,26 71,59
22 2,31 1,56 67,53
23 2,59 2,08 80,30

BoiBoabI

HccnenoBana BO3MOXKHOCTh MPUMEHEHUS XMMH-
YECKH M TEPMOXUMHYECKH MOAN(DUIMPOBAHHBIX CO-
CHOBBIX ONMJIOK M CKOpJIYIBI KEAPOBOTO OpeXa B Ka-
yecTBe (DMIIBTPYIONMMX COPOIUOHHBIX MaTepHaIoB
B LMKJIAX cOpOLUs — AecopOuust MpH HM3BJICUECHUH
MOHOB METAJJIOB U3 BOAHBIX Cpell. YCTAHOBIEHO, YTO
tepmudeckas Moaudukannu CKO npu Temmeparype
300°C mpuBOOUT K YMEHBIICHHIO KHCIOPOACOIEP-
Kamux (YHKIMOHANBHBIX TPYII Ha TOBEPXHOCTH
copOeHTa, CHIDKas BEIMYMHY COPOIIMOHHON €MKOCTH
[0 OTHOIIEHHIO K MOHaM MeTajuioB. HauGomburyio
3G PEKTUBHOCTh MOKa3ajdl METOZ TEPMOXHUMUYECKOU
Morudukanuu ¢ npumenenuem SH HNO; kak s
CKO, tak u gus JJO, B pe3yapTare NpUMEHEHUS KO-

TOPOTO OBLIM TONYYEHBI YIIIEPOIHBIE COPOSHTHI, CO-
pOLMOHHAs €MKOCTh KOTOpPBIX B 3—8 pa3 BbIllE, YeM
JUTST HAaTUBHBIX, B 3aBHCHMOCTH OT H3BJIEKaEMbIX
MOHOB MeTaiia. Ha mpumepe MomuduimpoBaHHOM
CKOpJIyIIBI KEAPOBOTO OpeXa HCCIEJOBAaHbl IHKJIbI
copOrus — necopobumst S H,SO, B cTaTHYeCcKuX ycIo-
BHSX IO OTHOIIeHHIO K noHaMm menu(ll). Brissieno,
YTO KOJMYECTBO COPOMPOBAHHOW Meau oOpasuamu
CKO nHa kaxmoMm JTare He H3MEHSUIOCh, a 3(dek-
TUBHOCTH JE€COpPOIMU BO3pacTalia MpH KaxJJIOM Clie-
JIyIOIeM LHKIE, MOATBEPXkAas BO3MOXKHOCTH BOC-
CTaHOBJICHHUSI COPOIIMOHHOW €MKOCTH M TIOBTOPHOTO
UCTOJIb30BaHus copOeHTOB Ha ocHOoBe CKO Ha npoTs-
JKSHHH TPeX UKIIOB copOrmu — aecopouuu S H,SO,.
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O6paszust JIO ObuTH UCCIIEOBaHBI B Ka4eCTBE COPO-
[IUOHHO-(DUIBTPYIONIUX MAaTEPUAIIOB JJIsi U3BJICUCHUS
HOHOB METAJIJIOB B JMHAMUYECKUX yCIOBHSIX. OTMe-
YEHO, YTO 3TH Marephalibl MOXKHO PEKOMEH]I0BaTh
JUISE COPOIIMOHHOTO KOHIICHTPUPOBAHHS WOHOB IIMH-
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ke noroB Hukels(Il) u kagmusa(Il) Tepmoxumuueckn
MoAM(UIIMPOBaHHBIE COCHOBBIE OMHMJIKH MOTYT OBITH
YCIICNIHO TIOBTOPHO TIPUMEHEHBI B COPOIMOHHOM
OYHUCTKE, TaK KakK 3(p(PEeKTUBHOCTH NUKIA COpOIMs —
necopouust Su H,SO, 115 MOHOB HUKENSI U KaJMUs

ka(Il), mockonmpKy oTcyTcTByeT Aecopbums. B cmygae  mocrturaer 90,44 u 80,30 % cOOTBETCTBEHHO.
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