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THE SORPTION OF IONS HEAVY
METALS BY TECHNICAL LIGNINS

This study investigated the sorption of iron (III) and copper (1) ions from
aqueoussolutions by various technical lignins, which are waste products from kraft,
organosolv and hydrolysis wood processing. In order to understand the sorption
mechanism of heavy metals, lignin samples were thoroughly characterized with respect to
their elemental composition, their content of functional groups (OH and COOH), which
was determined by *'P NMR, and their molecular weight, which was determined by gel-
permission chromatography. The obtained results suggest that lignins can be used for the
efficient sorption of iron (Ill) and copper (Il) from aqueous solutions. It seems that polar
functional groups present in the lignin structure, especially aliphatic hydroxyl groups,
have a major effect on heavy metal sorption capacity. The kraft lignin with the highest
content of aliphatic OH groups demonstrated an adsorption capacity twice as high as
that of organosolv and hydrolysis lignin. Being natural products, lignin adsorbents can
easily be disposed of as ash residue after use and subsequent burning.

Keywords: sorption, lignins, hydrolysis lignin, kraft lignin, extracted lignin,
metal ions.

Yukyn H., Cesacmouanosa 0., Ilacanvckuit b. Copoyus uonos msmsyicenvix me-
manioe mexuHuueckumu ausHunamu. Vccneoosana copoyus uonos scenesa (I1l) u meou
(Il) u3 60OHBIX pPACMBOPO8 PAZTUYHBIMU MEXHUYECKUMU JUSHUHAMU, AEIIOUUMUCS
omxooamu om Kpagm-npoyecca, opeaHudeckoll u euopoausHol 0opabomru Opegecunl.
s moeo umobOvl nousmb MeXaHusM copoyuu MmsICenbiX Memaiios, paccMOmpeHsl U
NPOAHATUZUPOBAHbL  00PA3YbL TUSHUHA OMHOCUMENbHO UX JJIeMEHMHO20 COCMAsd.
Cooeporcanue ynrkyuonansuix 2pynn (OH u COOH) 6110 onpedeneno ¢ nomouysio > P
AMP, a monexynapuvie MACCHl — MEMOOOM 2elb-nponuKaioujell xpomamoepaguu. Ilony-
YeHHble Pe3ybmambl CBUOEENLCBYION O MOM, YMO JTUSHUHBL MO2YM ObIMb UCHOIb308AHB
ona appexmusnoii copoyuu uonos xcereza (I1l) u meou (1) uz 600nvIX pacmeopos.
Onpedeneno, umo nouspHvie QYHKYUOHATbHbIE SPYRNDbL, NPUCYMCMBYIoOWUe 6 CIPYKIMYpe
JIUSHUHA, 0COOEHHO anupamuiecKkue 2UOPOKCUTbHbIE SPYNNbL, UMEIOM OCHOBHOE GNUSIHUE
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Ha COpOYUOHHYIO eMKOCMb msdcenvlx memannos. Kpagpm-nuenun ¢ naubonvuwum cooe-
porcanuem anugamuueckux epynn OH nposensiem adcopbyuonnyio emxocms 6 06a pasa
Oonblie, yeM JAUSHUH, BbIOCNEHHbIN OP2AHUYECKUMY DACMEOPUMENAMU, U SUOPONUZHBIL
sueHun. Tlockonvky copbenmvl U3 MUSHUHA ABNAIOMCS RPUPOOHBIMU NPOOYKIMAMU, UX MONCHO
JIe2Ko YMUIU3UPOBAMb NOC/Ie UCNONb30BANHUS U CHCULAHUSA, KAK 30JibHble OCTHAMKU.

Kniouesvie cnosa: copbunsi, TMTHUHBI THAPOIU3HBIN JTUTHUH, KpadT-TUTHUH,
3KCTParupOBaHHbIN JTUTHUH, HOHBI METAJLIOB.

Background. Heavy metal contamination of aqueous waste streams
from certain industries, such as metal plating facilities, mining operations
and tanneries, is a serious environmental problem. Heavy metals are not
biodegradable and accumulate in living organisms, leading to various
diseases and disorders. Cost-effective sorbents for the treatment of such
waste streams are sorely needed. Natural materials that are available in
large quantities and that require no or little pretreatment, as well as certain
waste products from industrial or agricultural processes, may have potential
as inexpensive sorbents. Scattered research has already been performed on a
wide variety of potential low-cost sorbents. Some of the reported sorbents
include bark/tannin-rich materials, chitin/chitosan, dead biomass, seaweed
and algae, rice hulls, zeolite, clay, peat, moss, bone gelatin beads, dry leafs,
modified wool, modified cotton, waste tea, shells of various type of nuts
and stones, and lignin [1].

In particular, the use of lignin, lignin-based chars and activated
carbons as adsorbents for the removal of substances from water has gained
attention over the last few decades [2; 3]. Lignin is the second most
abundant natural raw material after cellulose and is an important structural
component of lignocellulosic biomass. Lignin is also nature’s most abundant
aromatic (phenolic) polymer.

Technical lignins are generally obtained as waste by-products during
the processing of wood and other types of biomass. One of the leading
industrial processes used to obtain wood pulp (cellulose fibers) is the sulfate
process (also known as the kraftprocess) [4—6]. During pulping, lignin
present in biomass, is degraded and dissolved in an aqueous solution of
sodium hydroxide and sodium sulfide together with carbohydrate degra-
dation products, there by forming a black liquor [7]. Dissolved kraft lignin
can be isolated by precipitation occurred on the lowering of pH of black
liquor and is known as kraft lignin [8].One of the biggest advantages of the
kraft pulping method is its cost-effectiveness, as all types of trees can be used
and the chemicals can be regenerated. On the other hand, as the production
of lignin amounts to more than 50 million tons/year, there has been increasing
interest in the development of economically viable new applications. Kraft
lignin has several characteristic features that distinguish it from native
lignin and other technical lignins: amongst other things, it contains a larger
amount of phenolic groups due to the extensive cleavage of B-aryl bonds
during the kraft pulping process, and it contains sulfur (1-3 %) [9].

Hydrolysis lignin (HL), which is a by-product of the acid hydrolysis
of wood and agricultural waste to sugars, is used to producefeed yeast
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carbohydrates and their derivatives (such as xylitol and furfural), as well as
ethanol. Hydrolysis occurs in the presence of sulfuric acid. This technology
was developed in the USSR and used predominantly from 1930 until the
end of the 1980s [10]. HL, which is formed by high-temperature acid
hydrolysis, is significantly different from natural lignin and other types of
technical lignins, as it has a reduced number of carbonyl and hydroxyl
group sand a large number of newly formed C-C bonds, resulting in a
highly condensed structure. The formation of free radicals in the lignin
structure during hydrolysis triggers polymerization reactions, which, in
turn, lead to changes in the lignin structure and result in a very high degree
of condensation [10]. HL is usually an amorphous, brown powdered
substance with a density of 1.25-1.45 g/em’ and a specific smell. Lignin
can have a particle size ranging from a few millimeters to less than a
micron. In HL, the content of lignin itself can vary between 40-88 %, the
content of carbohydrates from 13 to 45 %, the content of resinous
substances (lignohumin complex) from 5 to 19 %, and that of mineral
elements from 0.5 to 10 %. Hydrolysis lignin is often used for the
preparation of carbon adsorbents [10].

It is impossible to isolate lignin from wood without changing its
structure. As a result, the structure of technical lignins is very different from
that of native lignins. One of the most promising methods used to obtain
pure lignin with a less-modified structure and lower molecular weight is the
organosolv method, which uses ethanol and acidified water as a cooking
liquor [11; 12]. For a number of reasons, however, this method has not
gained wide industrial application.

Depending on the isolation process used and the origin of the native
lignin, technical lignins are usually powders that are beige to dark brown in
colour. Lignin is practically insoluble in water and most organic solvents [4].
The structure of lignins is inhomogeneous and depends on the type of wood,
method of isolation and other processing used [13].

In order to improve the economy of traditional pulping processes,
especially for modern biorefineries that use lignocellulosic raw materials, it
i1s important to utilize technical lignins in larger, industrial quantities.
Therefore, the use of lignins as sorbents is very promising.

The aim of this study was to investigate the adsorption capacities of
various technical lignins, such as kraft, organosolv and hydrolysis lignins,
for heavy metal ions (iron (III) and copper (II)) in aqueous solutions, and to
correlate them with both the lignin structure and the isolation method.

Material and methods. The study was conducted using the
following four types of lignin:

OS (Organosolv spruce lignin). Lignin obtained from softwood (spruce)
using technology that is similar to Lignol technology and that is based on
the treatment of wood with a water and ethanol (50/50 v/v) solution and
employing sulfuric acid (H,SO,) as a catalyst (1.2 % w/w) [11].

KS (Kraft softwood lignin). Lignin obtained from softwood (spruce)
using LignoBoosttechnology (Innventia AB, Stockholm, Sweden) [8].
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AldS (Aldrich lignin). Lignin obtained from softwood provided by
Sigma-Aldrich (Sweden).

Entegnin. An entero-sorbent based on HL (75 %), with the addition
of potato starch and calcium stearate. This is a commercially available product.

The study on the adsorption of iron and copper salts from the water
solutions was performed using spectrophotometric methods, as well as by
lodometry [14].

Elemental analysis (C, H, N and S) was performed on a chroma-
tographic analyzer Flash EA 1112 (external service provided by the
Elemental Analysis Unit of the Santiago de Compostela University, USC,
Santiago de Compostela, Spain).

The average weight, average numerical molecular weight (M, M,)
and polydispersity index (PDI) of the technical lignin were determined by
gel-penetrating chromatography [15].

The number of functional hydroxyl and carboxyl groups in the lignin
was measured using *>'P NMR spectroscopy analysis with 90-degree pulse
angle and inverse gated proton decoupling and a delay time of 10 seconds [16].

Results and Discussions. Technical lignins, obtained from various
plants, differed significantly in chemical composition from that of the
native lignins. The technical lignins may also contain some process
elements (metal ions) and carbohydrate impurities, which result from the
degradation of celluloses or hemicelluloses.

Entegnin was one of the technical lignins chosen to compare the
sorption properties of ions on heavy metals. It is produced by a number of
companies and is commercially available as an entero-sorbent. Entegnin is
based on hydrolysis lignin. KS and AIdS samples are both kraft-type
lignins, but have different degrees of purity depending on the source.AldS
lignin purchased from Sigma-Aldrich had the highest level of purity. The
organosolvlignin (OS) used in the present study was isolated from spruce
wood chips in the laboratory.

The chemical composition and molecular weight properties (M,, M,,
and PDi) for the technical lignins used in this study are listed in 7able 1.

Table 1
Chemical composition and My, M,, PDi of lignins

0S KS AldS
Klason Lignin (%) 94.3 88.5
Acid soluble lignin (%) 3.1 2.3 n/a
Ash (%) 3.2 2.5
Total Sugars (%) 0.5 1.0
C (%) 68.8 63.7 62.6
H (%) 6.3 6.1 5.9
N (%) 0.08 0.10 0.58
S (%) 0.20 1.45 2.53
M, 1065 1540 1733
M,, 3081 7195 6657
PDi 2.89 4.67 3.84
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The Klasonlignin content in the organosolv (OS) and kraft (KS)
lignins varied by 5.8 %, although this difference was not due to the acid
soluble lignin. The KS lignin containedless ash than the OS lignin, due to
the Lignoboost purification process, but a slightly higher content of sugars.
The weighted average molecular weight (M,,) wassignificantly higher for
the kraftlignins, with an insignificant difference between KS and AldS. The
PDi was also higher for the KS and AldS than for the OS lignin, confirming
the inhomogeneous composition that is typical for kraftlignins.

Structurally, lignin consists of phenylpropan units and a large
number of various polar groups: aromatic and aliphatic hydroxyl, carbonyl
and carboxyl groups. This results in the polyelectrolyte properties of lignin.
The presence of these polar groups determines the absorption ability of
lignin towards the polar molecules and ions of the metals. The contents of
various groups in the lignin samples, obtained by using nuclear magnetic
resonance °'P NMR, are presented in Table 2.

Table 2
Amount of functional groups in lignin based on 3P NMR
. AldS | 0S | KS
Functional groups
mmol/g
OH_jipn 2.43 0.75 1.75
OH,e, condensed 1.54 1.20 1.48
OH,,;,.,, guaiacyl 1.91 1.79 2.56
OH,yp,e,, total 3.45 2.99 4.04
COOH 0.44 0.23 0.40

The *'P NMR results indicate that the content of OH,jipn (aliphatic
OH-groups) was generally higher in the kraftlignins (AldS and KS) and
1.4-3.2 times higher than in the OS lignin. The total content of the phenolic
OH-groups, OHjpen, Was also higher in the kraftlignins, especially in the KS
lignin. So, as shown by *'P NMR analysis, OS contained a lower number of
each type of functional group. Between the two kraftlignins, AldS lignin
had an almost 40 % higher number of aliphatic OH-groups than KS lignin,
while the total number of functional groups was higher for KS lignin.

The sorption of iron (III) and copper (II) from the model solutions of
salts (Fig. 1, 2) was studied at the Kyiv National University of Trade and
Economics. The obtained results demonstrate that all types of investigated
lignin have sorptionability. The highest level of sorption was observed for
the iron (III) ions. At the same solution concentration levels, the lignin
samples absorbed about five times more ions of iron (III) than copper (II)
ions. The greatest adsorption capacity was seen for the AldS, which has a
high content of aliphatic hydroxyl groups (oh,pn). The OS lignin and
entegnin have al.5-2 times lower sorption capacity than the AldS. As can
be seen in Table 2, the OS lignin generally has a lower content of hydroxyl
groups, both aliphatic and phenolic, which likely explains its lower
adsorption capacity. The increase in the number of total sugars in the KS,
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which increases the polarity, may also have contributed to an increase in its
sorption capacity as compared to the OS lignin.
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Fig. 1. Sorption of iron (III) (mg/g) by technical lignins from aqueous solutions
and its dependence on the concentration of metal ion
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Fig. 2. Sorption of copper (II) ions (mg/g) by technical lignins from aqueous
solutions and its dependence on the concentration of metal ion

Entegnin, due to its isolation process, has a highly condensed structure,
which resulted in a lower number of functional groups than the kraftlignin
(see Table 2).This probably makes it less effective for the sorption of metals
in its original form. Carbonization (i. e., the production of activated carbon)
may be needed to improve the entegnin’s adsorption capacity [4].

Conclusion. The present studys howed that kraftlignins, which contain
a higher number of polar groups (aliphatic OH, phenolic OH and carboxylic
groups), have a higher sorption capacity than the organosolv and hydrolysis
lignins. This suggests that the sorption of heavy metals is due not only to
the spatial structure of lignin (which consists of three-dimensional, cross-
linked, aromatic polymers), but also to the presence of various polar functional
groups in the technical lignins. The higher content of aliphatic hydroxyl
groups in the lignin structure seems to play a more important role in the
sorption process.
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Yuxyn H., Cesacmosanosa 0., Ilacanvcokuit b. Copouia iioHie earickux memanie
mexuiunumu aizHinamu.

IMocranoBKa npodJieMu. Y JCSKHX Taly3sX BUPOOHHIITBA, HAPHUKIIA, TaJbBaHIYHE
oJIepKaHHSI METalliB, BHJIOOYTOK KOPHUCHUX KOITAJIMH, IIKIpsTHE BHUPOOHHUIITBO TOIIIO,
BIIX01TN 3a0pyMHIOIOTH BOJOWMH METaJIaMH, IO € CePHO3HOI0 €KOJIOTITHOIO ITPOOIIEMOTO.
Bakki Metanu He miagaroThCs 010JIOTIYHOMY PO3KJIaNaHHIO M HAKOIUYYIOTHCS B YKHBHX
opranizmax. CaMe TOMy BKpail HEOOXilHI €KOHOMIYHO €(EeKTHUBHI COpOCHTH Ui OYH-
IIEHHS BOJOMM B1J TaKMX BIIXOIB.

HarypanbHi MaTepianu, sIKi JOCTYIHI Y BEJHMKHX KITBKOCTSIX 1 NMPAaKTUYHO HE
MOTPeOYIOTh TTOTIepeTHL0I 0OPOOKH, a TAKOXK MTEBHI MOOIYHI MTPOTYKTH IMTPOMHUCIIOBUX ab0
CLTECBKOTOCTIONAPCHKIX BUPOOHUIITB, MOYKYTh BUKOPHUCTOBYBATHCS K HEAOPOTi COPOSHTH.
Takumu MOXyTh OyTH KOpa JIepeB, XiTHH, BOJOPOCTi, PUCOBE JTyIITUHHS, IICONIT, TIIHHA,
Top(, MOX, KICTKOBUH KEIaTHH, CYyXe JIUCTS, JIITHIH TOIIO.

lNpopomnizHuil NirHiH — MOOIYHUI MPOAYKT KHUCIOTHOTO TiAPONI3y AEPEBHHU Ta
BIZIXO/IB CIJILCBKOTO TOCHOJApPCTBa TPHU OJCP)KaHHI caxapuiiB i iX MOXiTHHX (KCHIITY
1 bypdypoiry) Ta eraHoy. BiH XapakTepu3yeThCs MIIIBHIMIOK CTPYKTYPOIO, Ma€ MEHIITY
KUTBKICTh KapOOHITBHUX 1 TIAPOKCHIBHUX TPYI TMOPIBHSAHO 3 TEXHIYHUMH JIITHIHAMH.
OcTaHHI OTPUMYIOTh Y BUIIIAII BiIXOMiB MOOIYHUX MPOIYKTIB mpu 0OpoOI aepera
I HIIMX BUIIB 6i0OMacH 3 METOI0 OfIEP>KaHHS LETI0N03H a00 iHIIHMX NpOoAyKTiB. [IpoBigHuM
MIPOMHCIIOBUM TIPOLIECOM OTPUMAaHHS LENIONO03U € KpadT-mporec, y pe3yibTaTi SKOro
BUJIISIOTE KpadT-irdid. OfHUM i3 TMEpCHeKTHBHUX METO/IB OACpXKaHHS YHCTOTO JIITHIHY
3 MEHIII 3MiHEHOIO MTPUPOTHOI0 CTPYKTYPOIO Ta HIDKYOI MOJIEKYJISIPHOIO MacOI0 € METOI,
y SIKOMY BUKOPHCTOBYETBLCS €TAHOJ SK PO3UYWHHHUK JITHIHY. Y CBIiTI BUPOOISIIOTH TTOHA
50 muH T nirHiHy Ha pik. OCh 4OMy pocCTe iHTepec A0 TEXHOJOTiH HOro MOKIUBOTO
BUKOPUCTaHHS, HANPUKIA, K 10 COPOCHTIB IS OYHMIICHHS MPOMHCIOBUX CTOKIB, IO
€ TMIEPCIIEKTUBHUM HAIMPSIMOM JOCIiIKEHHS.

Mema pobomu — nocmiautu COpOLIKHI BJIACTUBOCTI JITHIHIB 3aJISKHO BiJ X
cr1ocoby ofepyaHHs i cKIaay 10 HoHis Baxknx meranis (Fe, Cu).

Marepiaau Ta MeToau. JlociKeHHS MPOBEACHO 3 YOTHPMA TUIIAMU JIITHIHIB:

« OS — mirHiH, ofepkaHUH 13 epeB XBOWHUX MOPiJA i3 BUKOPHUCTAaHHIM TEXHO-
JIOTi1, B OCHOBI SIKO1 — €KCTPaKLisl BOJHUM €TaHOJIOM, B IPUCYTHOCTI CyJIb(aTHOI KUCIIOTH SIK
KaTaJizaTopa;

o KS-1irain — i3 nepeB XBOWHUX IMOPiJ] 32 YHIKAIBHOIO TEXHONIOTiEW LignoBoost
(Innventia AB, Stockholm, Sweden);

o AldS-mirHin — i3 nepeB XBOWHUX TOpin, Hamanuh Sigma-Aldrich (LLBeris);

o GHTECTHIH — EGHTEPOCOPOEHT, OCHOBOIO AKOTO € TimpousisHuil jirHiH (75 %) 3
JN00aBKOIO KapTOIJISIHOTO KPOXMAJIIO Ta KaJIbIII0 cTeapary.

Jocnimxennast copOIrii HoHiB Fe3+, cu* MPOBEJICHO 3 PO3YUHIB COJICH METOJIaMH
cnekrpodorometpii Ta Homometpii BimnosigHo. EnementHmit anamiz (C, H, N i S)
JOCHiIKeHo Ha xpomartorpadiunomy aHamizaTopi Flash EA 1112. CepeIHbOYUCIIOBI Ta
CepemHbOBaroBi MojekyisipHi Macu (My, M,), iHneke nomigucnepcHocti (PDi) Texniu-
HUX JIITHIHIB BU3HAYEHO Teb-IIPOHNKA0UO0I0 XpoMarorpadiero. KinbkicTh GpyHKIIOHATE-
HUX rpyn (TiAPOKCHIBHUX i KAPOOKCUIBHEX) Y JiraiHi — MeTogom SIMP *'P.

Pe3yabTaTn nocaimkenns. BeranoBieHo, mo BMIcT mdirHiny B 3paskax OS i KS
pisHuThC Ha 5.8 %, xoya I BIiIOYyBaeTbcs HE 3a paxyHOK JICHIHY, PO3YMHHOIO
B kucioTi. KS MicTuTh MeHIIe 30511, IpoTe OibIlie caxapumiB. [HIEKC MO quCIepCHOCTI
st OS 1 KS umie 1.1, mo ¢BiguuTh o MOJMITUCIIEPCHICTD JITHIHIB. binbima mucnepc-
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HicTe xapakTepua misi KS. Pesymasratn SMP *'P mokasamm, mo BwmicT amidatadHmx
rigpokcunbHuX rpyn (OH,uig) mepeBaxkae B kpadT-nir"inax, ocobmuso B AldS y 1.4-
3.2 paza. Pasom 3 TuM cymapHa KinbKicTh ()€HOIBHUX TiApOKCHIBHUX TPyl (OHgyen)
TakoK Oinbmia B Kpadr-mir"inax, ocoomuBo misi KS. OS MicTuTh MeHIy KiJIbKIiCTb
kapOokcwibHuX rpyn (COOH).

PesynbraTté mociimkeHHs copOrii HOHIB Fe? +, Cu’' i3 MOJICTTHUAX PO3YUHIB iX
coJIeH JIITHIHAMY CBiT4aTh, 10 BCI THITH JOCITIKYBAaHUX JIITHIHIB TIPOSBIISIOTH 3MaTHICTh
10 copbuii. Kpame copbyiorsest i3 posunnis iorn Fe'*. Ipu oaHakoBiii KOHIEHTpaii
po3unHiB copbuis ionis Fe'  mpuGmmusHo B m’sTh pasiB Oimbmia, Hik Homiz Cu’’.
Haiibinbiry edexkTuBHICTh cepen copOeHTiB mposiBisie AldS, skuii Mae migBHILEHUH BMICT
OHasig.. OS 1 eHTerHin (€HTepoCOpPOEHT) MarOTh 3HAYHO MEHIIY COPOLiHHY 31aTHICTB,
Mmaibke B 1.5-2 pasu. OS xapakTepu3yeTbCsi HWKYMM BMICTOM TiIPOKCHIIBHUX TPYII
(amiparnaanX 1 PEHOTBHIX ), IT10, IMOBIPHO, TIOSICHIOE HOTO HEBUCOKY COPOITIHHY 374aTHICTS.
EnTersin — gepe3 Horo nmpouec BUIUIEHHS — Ma€ CTPYKTYPY, KOHAECHCOBaHY 3 MEHIIOIO
KUTBKICTIO (DYHKITIOHATBHUX TPYII, HiXK KpadT-IirHiH.

CopOuiliHy 30aTHICTh TEXHIYHHMX JITHIHIB 1 TiAPOJII3HOTO JITHiHY (SHTEHTiH)
MOYKHA TIOSICHUTH IX MPOCTOPOBOIO CTPYKTYPOIO, sika (DOPMYETBCS CYMIIIIIIO TPHBUMIP-
HUX CITYACTUX MONIMEpIB 1 moiigucnepcHicTio. [linBuiineHa copOiiiiHa 3MaTHICTh HOHIB
Fe3+, Cu*' s AldS 00yMOBIIeHa BEIUKOI KUIBKICTIO OH,ip. 301IbIIEHA KUIBKICTBH
caxapuIiB, sSKa IMiIBHIIYE MOSAPHICTD, TEX MPUBOIUTH 0 3pOCTaHHS copOItii must KS.

BucnoBku. PesynbraTéi moCiipKeHHS MMOKa3yrOTh, 0 kKpadT-mirainn (KS, AldS),
AKI MICTATH OinbIIy KinbKicTh MOAApHUX TPyl (OHuig, OHgen 1 KapOOKCHIBHUX IpyI),
MaroTh BUIY cOpOUiKHY 3MaTHICTb, HiX OS 1 rigpomizHuii JirHiH. Lle cBimunTh mpo Te,
IO COPOIIisl BAKKUX METalliB 00yMOBIIEHA HE TUILKU MTPOCTOPOBOIO CTPYKTYPOIO JITHIHIB
(SIKi € TPUBUMIPHUMH, 3ITATHMH, APOMATHIHUMI BYTJICBOTHUMH TIOJIIMEPAMH ), & i HasIBHICTIO
Pi3HHX TTOJISIPHUX (YHKITIOHAIBHHUX TPYI y TEXHIYHUX JIIrHIHAX. Bummii BMicT amidaTd-
HUX T1APOKCHIBHUX TPYI y CTPYKTYPI JITHIHY BiJlirpae Baromy poJib y mporueci copOrrii.

OcCKiIbKU JIICHIHOBI COPOEHTH € TMPUPOJHUMH NPOSYKTAMH, iX MOYKHA JIETKO
YTHUII3yBaTH IiCJIi BUKOPUCTAHHS Ta CHATIOBAHHS, SIK 30JIbHI 3aTHIIKH.

Kniouoei crnoea: copbuis, TrHiHM, TIAPONI3HAHN JITHIH, KpadT-JirHiH, eKcTpa-
TipOBaHWIA JIITHIH, HOHW METAJIB.
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