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Abstract: Recycling of waste tires is the goal of many studies, where the chemical dissolution method
depends on the recovery of tire rubber (TR) and carbon black (CB) from the waste tires. Petroleum ether was
used to dissolve tire powder and a black solution was produced which after refluxed at 140°C for two hours
with a mixture of adsorbents including silicon dioxide (SiO,) and aluminum oxide (Al,03) and then filtered,
will give clear rubber filtrate and CB precipitate and the used petroleum ether was totally regenerate. The
rubber was recovered with a weight percentage of 24% (w/w), whereas CB was reclaimed with 20% (w/w)
from the total waste tire used. The recovered rubber was characterized and its functional groups were
studied by '"H-NMR and FTIR spectroscopy which shows the rubber is polyisoprene blended with
polybutadiene. The XRD, FESEM, and thermal analyses (TGA, DTA, and DSC) show the recovered rubber is
amorphous with an elastic nature, thermally stable with endothermic behavior, and contains some inorganic
impurities. On the other hand, the BET (Brunauer-Emmett-Teller) analysis, of carbon black shows it is a
mesoporous material with a high specific surface area (as = 149.44m”. g') and pores with a mean diameter
(13.623 nm). The particle size, structure and surface chemistry of the reclaimed CB which was measured
accordingly by XRD, BET, and FESEM and it was emphasized that the CB has excellent adsorption qualities.
Keywords: Recycling of tires, rubber, petroleum ether, carbon black, Silicon dioxide, Aluminum oxide.

1. Introduction

The large growth in the use of automobiles produced a large amount of tire consumption,
creating an extreme waste problem [1]. Because of chemical cross-linking, vulcanized rubber,
unlike thermoplast polymers, cannot be recycled or reprocessed. The vulcanization process can
form a cross-linked structure between the chains of the rubber, which resists environmental agents,
shear modulus, and temperature applications [2]. In general, tires are made of natural rubber (NR)
and synthetic rubber (SR). The three-dimensional network structure after vulcanization makes tires
unable to biodegrade and difficult to photochemically decompose under environmental conditions
[3]. Various rubber products ranging from healthcare, military, household, construction, and
automotive [4] result in a hard-to-decompose large amount of waste rubber, which causes
environmental and economic problems. There are different methods for the treatment of scrap tires
[5-9], but the main methods are tire retreading, heat energy utilization, rubber powder production,
pyrolysis, etc. The cost of rubber powder production is high, and the requests are limited. The
production of regenerated rubber is complicated and produces waste gas, causing great harm to the
environment without proper treatment [10]. Heat energy utilization of scrap tires produces high
calorific value and can be used, but it will cause secondary environmental pollution. Through the
pyrolysis process, the waste rubber can decompose completely and produce oil, in addition to gases
that also cause secondary pollution to the environment.

The chemical recycling process of rubber is considered the most common and contains
organic, inorganic, and many diverse chemical processes. In the organic process, the used reagents
could cause the scission of S-S or C-S bonds of the vulcanized rubber. Chemical reagents such as
butyl mercaptan, thiophenols, xylene, etc. cause cleavage of sulfur cross-links at 188°C and for 4 h
[11, 12]. The chemical dissolution process can reclaim rubber from waste tires using hydrocarbon
solvents [13]. The solvent molecules can penetrate among the rubber chains and cause swelling.
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Sometimes, the interactions that occur between solvent-polymer and polymer-polymer could
encourage the rubber chains to cleave into small segments.

In the recent work, the chemical dissolution process was used mainly for the recovery of
rubber and carbon black (CB) as side products from waste tires. It is noteworthy that petroleum
ether was selected as a hydrocarbon reagent for rubber dissolution because of its high permeability
between rubber chains; its low cost due to its availability from a high fraction of aliphatic
hydrocarbon and boiling in the range of 100—-140 °C, and its low toxicity and medium impact on the
environment. The silicon dioxide (SiO,) mixed with aluminum oxide (Al,O3) was used as a good
adsorbing agent for the separation of CB from the rubber-petroleum ether solution.

2. Experimental part

2.1. Materials

End-of-life automotive tires were collected from the local market, and washed with a soft
detergent and warm water. The large tire pieces are cut into small pieces and then ground into small
particles of 2.0-1.5 mm. Petroleum ether (90-140°C) from ROMIL Ltd. company was purchased,
silicon dioxide and aluminum oxide were received from Aldrich Chemical Company, whereas
methanol was supplied from Sharlau Chemicals, which was used as received.

2.2. Rubber Recovery

The chemical dissolution process was used for the reclaim of rubber using petroleum ether for
the dissolution of crushed tires. Petroleum ether 100 ml was used for dissolving 10 g of the crushed
tire (10 wt %) using a 250 ml conical flash, which was closed and fixed inside the water bath at
50°C for 3 days and shaken from time to time [14].

The steeped tire solution after filtration from undissolved solid materials was transferred into
a 250 ml round bottom flask. Then, to the solution, 7g of silicon dioxide and 3 g of aluminum oxide
were added as adsorbing agents for adsorbing CB and isolated from the rubber solution. The
mixture was heated to the boiling point of the solvent, around 140°C for two hours with gentle
stirring. The hot solution was filtered, a pale yellow solution was collected, and then left to cool
[15]. Methanol as a precipitator was added at 40% (V/V) to the pale yellow solution of rubber and
then heated inside the water bath at 50°C. Finally, elastic material of a yellowish brown color was
precipitating, and the precipitator methanol was collected and used in the next batch [15].

2.3. Carbon Black (CB) Recovery

After the hot filtration step of tire solution, the collected black precipitate in the filter paper,
which 1s mainly CB, was collected with the undissolved solid rubber materials and treated
chemically for purification in two steps, where the first was washed sequentially with different
solvents, including hexane, acetone, ethanol, and methanol, by keeping the precipitate inside each
solvent for 15 minutes inside a water bath at 50°C. Finally, it was washed with hot and followed
with cold water, and then the precipitate CB was dried inside a vacuum oven at 100°C. In the
second step, the precipitate was heated inside the tube furnace for one hour at 500°C £10°C and
then left to cool [16].

3. Results and Discussion

The chemical dissolution method was used for the recovery of rubber and CB from waste
tires. The method is simple, safe, and cheap in comparison with the seriousness of pollution issues.
The important point is that the method recovered both rubber and CB. Whereas, other methods,
such as the incineration method or pyrolysis of the waste tires, are dangerous and have dangerous
effects on the environment, they also lose rubber. Even the mechanical methods caused rrubber to
be lost, and the crushed tires will be used only as filling or second materials in construction
supplies.

3.1. FTIR of Waste Tire

The main functional groups of the main compounds (rubber and CB) in waste tires were
determined by FTIR spectroscopy using JASCO V-630 (Portland), OR 97211, U.S. in the range of



400-4000 cm™. The absorption frequencies of the fundamental functional groups of the pristine
waste tire Figure 1A shows peaks at 1342 cm™ and 1376 cm™ for y(C-H)g, of methane and methyl
groups, respectively. The peaks at 1416 cm™, 2846 cm™ and 2914 cm™ in Figure 1A, are for y(C-
H)s: of the methylene group of the rubber. The peaks at 1537cm™ and 1170cm™ are for y(C=0)sy,
Y(C-O)yr and 3(O-H)peng respectively of CB.

The band at 960 cm™ in Figure 1A, is for y(C=C)y, which belongs to the unsaturated bands of
the rubber. FTIR wave numbers (Figure 1A) of the pristine material shows the absorption
frequencies are belonging to functional groups of polyisoprene blend with polybutadiene.

3.2. Rubber and Carbon Black Recovery

Petroleum ether was used in the chemical dissolution method for the recovery of rubber from
waste tires, with the help of 70% (w/w) SiO, and 30% (w/w) Al,Os. Soaking the tire powder in a
suitable solvent is important due to the compactness of the tires. Therefore, the tire powder was
soaked for 72h inside petroleum ether at 50°C with gentle shaking, which afforded the potentiality
for the solvent to penetrate among rubber chains [17]. The problem of the separation of CB from the
rubber solution was solved by adding the adsorbing agent. Accordingly, a mixture of SiO, and
Al,O3; was used as adsorbing agents for the separation of CB and it showed a strong ability for
adsorbing. The method showed a recovery of 24% (w/w) rubber and 17.4% (w/w) carbon black
from the total waste tire powder used. The recovered materials were characterized using different
analysis techniques.

3.3 Recovered Rubber Characterization

3.3.1. FTIR spectroscopy

Recovered rubber was characterized by FTIR (Figure 1B). Where the peaks at 1452 cm’,
2852 cm™ and 2921 cm™ represent the y(C-H)g: of the methylene group. The peaks at 1308 cm
and 1376 cm™ are of y(C-H)y, of methine and methyl groups respectively. The bands at 968 cm
and 1605 cm™ Figure 1B, belong to y(C=C)y: of alkenes groups in rubber. The peak at 719cm
Figure 1B, is of y(C-C)g aliphatic of the rubber chains. Those peaks at 1016cm™  and 1160cm
represent the 5(C-H); aliphatic and in the plane groups of the rubber. The mentioned bands confirm
their return to polyisoprene and polybutadiene rubber.
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Fig. 1. FTIR spectrum of pristine (A), and waste recovered (B) rubber using petroleum ether.

3.3.2. "H NMR Spectroscopy

The reclaimed rubber structure was studied by 'H NMR spectroscopy using Bruker Biospin,
Avance III 500, which has variable temperature unit B-VT 3000, Germany, using deuterated
chloroform solvent. The proton resonance Figure 2 shows proton resonance (m, 16H) at chemical
shift 6 = 0.69-0.83 ppm, which belongs to the (-CH3) methyl group present in reclaimed rubber.
The proton resonance (s, 77H) at 1.15 ppm belongs to the (-CH,-) methylene group of the rubber.
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Fig. 2. '"H-NMR spectrum of recovered rubber, using petroleum ether

Peak list: '"H-NMR (500 MHz, CDCI3) & 5.27, 5.02, 3.56, 3.23, 2.48, 2.32, 2.06, 1.98, 1.93, 1.57,
1.49, 1.15,0.79, 0.77, 0.76, 0.74, -0.03.

Multiplets ['H-NMR (500 MHz, Chloroform-d) & 5.27 (s, 1H), 5.02 (s, 4H), 3.56 (s, 1H), 2.48
(s, 16H), 2.32 (s, 42H), 2.16 (t, ] = 7.6 Hz, 3H), 2.06 (s, 17H), 1.95 (d, J = 20.8 Hz, 20H), 1.57 (s,
16H), 1.15 (s, 77H), 0.83 — 0.69 (m, 16H), -0.03 (s, 14H)].

The proton resonance (s, 16 H) Figure 2, at 1.57 is for the (=CH-) methine group of recovered
rubber. The proton resonance (d, J=20.8Hz, 20 H) at ¢ = 1.95 ppm belongs to the proton which is
next to a double bond i.e. an allylic group of the rubber [18]. The proton resonance (s, 4H) and (s,
1H) Figure 2, at ¢ = 5.02 ppm and ¢ = 5.27 ppm those chemical shifts belong to (-C=C-) alkene
group of the reclaimed rubber. The studied protons and their chemical shifts confirm their returned
to polybutadiene and polyisoprene rubber.

3.3.3. XRD Analysis

The x-ray diffraction of the recovered rubber was measured using a Philips x-ray (PW-1730)
with a cu-ka radiation target with a nickel filter, with 30Kv current and 30mA voltages. The XRD
pattern in Figure 3 and Table 1 shows the recovered rather has intensive peaks with a long 26 axis,
which belong to the remaining inorganic additive and some remaining adsorbing agent. Most
rubbers have an amorphous nature with a low crystalline percentage.

Table 1: XRD Data of recovered rubber
Pos. Height | FWHM | d-spacing | Rel. Int. | Tip width

[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.]
25.501 | 1986.52 | 0.2952 | 3.49305 100 0.3542
38.0345 | 536.67 | 0.2952 | 2.36591 27.02 0.3542
38.7971 | 171.62 | 0.2952 | 2.32114 8.64 0.3542
48.2033 | 7552 | 0.2952 | 1.88790 38.02 0.3542
54.1159 | 514.14 | 0.2952 | 1.69477 | 25.88 0.3542
55.3068 | 555.23 | 0.246 1.66107 | 27.95 0.2952
62.854 | 508.89 | 0.1476 | 1.47856 | 25.62 0.1771
69.0264 | 231.65 | 0.1968 | 1.36065 11.66 0.2362
70.4675 | 183.63 | 0.2952 | 1.33631 9.24 0.3542
75.2178 | 272.78 0.3 1.26223 13.73 0.36

However, the adsorbing agent Al,O; has the following intensive peaks which are similar to
those found in Figure 3 and Table 1, 25.4°, 35°; 37.7°, 43.8°, 52.5°, 57.4° 66.5° and 68.1° [19]. In
addition, the adsorbed agent SiO; has one broad peak and a long 26 axis at 22.6° [20].
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The peaks of the adsorbing agent are very close to those of Figure 3, which means the rubber
is not pure and is recovered with some impurities.

Fig. 3. XRD pattern of the rubber reclaimed by petroleum ether

3.3.4. Thermal Analysis

Reclaimed rubber was studied thermally (TGA, DTA, and DSC) using TA instrument SDT
Q600, UB, NY, 14260, USA. The heat rate was 80°C/min, and AL,0; was the reference. The TGA
thermogram Figure 4 and Table 2 shows the weight loss (%) at the initial decomposition
temperature (IDT) of 92°C was 0.6% while it is 83.2% at 601°C the final decomposition
temperature (FDT). At maximum decomposition temperature (Tmax) the weight loss was 44.8% and

at crystalline decomposition temperature (T,;) the weight loss was 77.7%.

Table 2. Thermal data of the reclaimed rubber

Sample | TAG weight loss % DTA °C/mg DSC W/g
R IDT | FDT | Tmax | Ter Docomp. rate °C.min/mg | Tg°C | AH¢lJ/g
CCOVEI "o 6 (832 | 448 | 777 | 0.007453 +6.368
rubber <0
92 °C | 601°c | 358°C | 475°C | 473°C 473°C

The TGA data in Figure 4 and Table 2 show the recovered rubber has almost the same data as

the polybutadiene [21] and polyisoprene [22].

Weight (%)

TGA

Temperature (°C)

Heat Flow (w/g)

DTA and DSC

- Temperature Difference (°C/mg) —

Temperature (°C)

Fig. 4. TGA, DTA and DSC thermograms of rubber reclaimed by petroleum ether




The DTA thermogram of the recovered rubber in Figure 4 and Table 2, shows maximum
decomposition rate of the rubber was very low 0.007453°C.min/mg at 473°C. Finally, the DSC
thermogram (Figure 4 and Table 2) shows the heat of fusion AHf= +6.368 J/g at 473°C is an
endothermic and thermally stable material and these specifications are for polybutadiene and
polyisoprene rubber [23].

3.3.5. FESEM Analysis

The FESEM analysis of recovered rubber was studied using the TESCAN MIRA FESEM
instrument, Brno, Czech Republic. The FESEM image (Figure 5) shows elastic surface morphology
and its materials are homogeneous. The folds and ripples appear clearly on the sample surface.
Moreover, the FESEM image shows the reclaimed rubber has an amorphous surface with crystal
deficiency. All the aforementioned features indicate that the recovered rubber is a blend of
polybutadiene and polyisoprene [24].
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Fig. 5. FESEM image of recovered rubber

3.4. CB Recovered

CB can be recovered as by a product material from waste tire solution. Where soaking the tire
waste powder in petroleum ether gives a turbid solution, but after reflux and hot filtration, it will
give a clear filtrate and a black precipitate. The black precipitate beside the undissolved rubber
waste in petroleum ether is mainly composed of CB, an adsorbing agent, and traces of inorganic
additives. The precipitate was washed with different organic and inorganic solvents and burned
inside the furnace at 500°C £ 10°C for the removal of contaminants. Finally, the collected CB was
characterized.

3.4.1. XRD Analysis.

The XRD pattern of the recovered CB (Figure 6A) shows the collected material is amorphous
and has only one intense peak at 47.8° a long 20 axis representing the graphite structure of the CB
[25]. The hump-like peak at 24.0° a long 20 axis represents the featured peak of amorphicity of CB
[26]. Finally, an XRD study Figure 6A shows the recovered CB is pure material that has an
amorphous nature and the individual peak was for graphite oxide present with the CB sample.

3.4.2. BET Studies

The specific surface area of the reclaimed CB particles and their pore area and other physical
parameters were studied by BET measurement using surface area and porosimetry analyzer type
BELSORP MINI II, Japan. The Langmuir-specific surface area is (as=126.87 m>.g""), whereas the
BET-specific surface area is (as=149.44 m>.g"). The pore area between the CB particles from the
BJH plot is (rp=4.61nm) with a specific surface area of (176.12 m>.g"). On the other hand, the pore
volume of CB from the BET plot is (0.5089 cm® g') with a pore diameter of (13.623nm). In
general, the collected data from BET analysis shows the recovered CB has a high specific surface
area, which means its particles are mesoporous and these are important properties for CB to become
an industrial material.



3.4.3. FESEM Analysis

The FESEM image of the recovered CB (Figure 6B) shows clusters of CB particles have
spherical shapes and are interspersed with numerous holes. The CB particles Figure 6B shows
smooth surfaces and particles with uniform sizes.

A

WWMMWM :

" [} | Hegte I FWHM ! d-pang
"3 ] [od I"m)] | Al

. . 1
f 47 1248 497 xu:w.-[ 1 9008

Fig. 6. XRD pattern (A) and FESEM image (B) of the recovered CB
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4. Conclusions

The chemical dissolution process used for the recovery of rubber and CB from waste tires
depends on petroleum ether and a mixture of active absorbing agents (SiO; and Al,O3) and shows
an effective rubber recovery process from a quantitative and qualitative viewpoint. Petroleum ether,
the hydrocarbon solvent, was shown to be highly effective in the reclamation of rubber due to its
success in dissolving the rubber chains. Moreover, the use of 10 wt% of waste tire powder in
petroleum ether and adding 70 % (w/w) SiO, and 30% (w/w) Al,O3 could reclaim 24 % (w/w)
rubber and 20 % (w/w) CB from the total waste tire sample. At the same time, the used chemical
process could almost completely regenerate petroleum ether, the hydrocarbon solvent beside the
precipitator methanol, and be used successively in other batches.

The analyses of the recovered materials have shown that the reclaimed rubber is a mixture of
polybutadiene and polyisoprene, has an amorphous nature, is not pure, but still contains some
additives. Thermally, the recovered rubber is stable and has a homogeneous morphology and elastic
surface. The analyses of the recovered CB contain spherical particles with an amorphous nature and
a high specific surface area, besides, they are mesoporous, which are good industrial properties for
CB. The previous characterizations of both reclaimed rubber and CB show they have chemical,
physical, and mechanical specifications qualified for renewal of scrap tires, sheet rubber, steps,
bleachers, and playgrounds. Whereas, the reclaimed CB was shown to have a good specific
absorption area, and its mesoporous properties are useful for reuse in tire manufacturing.
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TULLANTI SINLORDON REZININ TOKRAR EMALI UCUN EKOLOJi USULUN
KiMYO®VI XUSUSIYYOTLORI

R.J.N. AL-Cuburi, F.H. Cabrayil*

Kimya sébasi, Elm Kolleci, Mosul Universiteti, Mosul, fraq
*e-mail: fawzijabrail@uomosul.edu.ig

Xiilasa: Tullant1 tokarlarin tokrar emali bir ¢ox todgigat¢ilarin tadgigat obyektidir. Bu todgigatlarda
tokar rezininin (TR) va texniki karbonun (TC) tullanti tokarlordon borpasi kimyavi hallolmadan
asilidir. Sin tozunu hall etmok ti¢iin neft efirindon istifads edilmis vo alinmis gqara moahlul 140°C-do
iki saat orzinds torkibindo silisium oksid (SiO;) vo aliiminium oksid (Al,O3) olan adsorbentlorlo
qaynadilmigdir. Sonra mohlul siiziilmiis vo naticodo soffaf kaugukun mohlulu vo TC ¢okiintiisi
alinmugsdir, istifado edilmis neft efiri iso tamamilo regenerasiya edilmisdir. istifade olunan tokoarlorin
imumi miqdarina nazoran regenerasiya edilon kauguk kiitlo faizi 24%, TC iso 20% toskil etmisdir.
Borpa edilmis rezin vo onun funksional gruplart *H-NMR va IQ spektroskopiya iisullart ilo todqiq
olunmus Vo miioyyan edilmisdir ki, o polibutadien garisiqli poliizoprendon ibarotdir. Rentgen
difraksiya, FESEM va termiki analiz (TGA, DTA va DSC) iisullarinin naticalori gostormisdir ki,
borpa olunan rezin elastikdir, termiki sabitdir vo torkibindo bozi qeyri-iizvi asqarlar var. Digor
torafdan, texniki karbonun BET (Brunauer-Emmett-Teller) analizi gostorir ki, o, yiiksak xiisusi soth
sahasino (as = 149,44 m%.g™) vo orta diametro (13.623 nm) malik mezomosamali materialdur.
Texniki karbonun hissaciklorinin 6l¢iisii, qurulusu vo Soth kimyasi miivafiq olaraq rentgen
difraksiya, FESEM va BET {isullar1 ilo tadqgiq olunaraq, yiiksok adsorbsiya xassalarina malik oldugu
mioyyanlosdirilmisdir.

Acar sozlori: tokorlorin tokrar emali, rezin, neft efiri, karbon qarasi, silisium 4-oksid, aliiminium
oksidi.

XUMHNYECKASA XAPAKTEPUCTHUKA DKOJOTTHYECKOT'O METOA
IHNEPEPABOTKUN PE3UHbI U3 OTXO/JHbIX HIUH
P.dx.H. AJI-I:xy0oypu, ®.X. lxadpauna*

Kageopa xumuu, Hayynwviii konneosc Mocyavckoeo ynugepcumema, Mocyn, Upax
*e-mail: fawzijabrail@uomosul.edu.ig

Pe3rome: I[lepepaboTka oTpabOTaHHBIX MIMH SBJSCTCS IEIBI0 MHOTHUX WCCIICIOBAHHMA, B KOTOPBIX
METO]I XUMHUYECKOT'O PACTBOPEHUS 3aBUCHT OT M3BJIedeHHs IIMHHOM pe3unsl (LLIP) u Texauveckoro
yriaepona (TY) w3 orpaboranHbiXx mmMH. [l pacTBOpEHUsS TOPOIIKA IIWH HCIOJIb30BAICS
neTponeinbiil (HedTssHON) 3¢up, U OBUT MOTYYESH YEPHBIN PacTBOP, KOTOPBINA MOCIE KHUIISTYCHUS C
oOpatHbIM XoJoamwibHUKOM Tipu 140°C B Te4yeHHE JBYX YacOB CO CMEChIO aJICOPOCHTOB,
BKIIOYaromux auokcun kpemuus (SiOz) u okcun amomuuus (Al,Osz), Ob1 oTduIBTPOBaH, B
pe3yibTaTe Yero MOJYyYWIId TPO3padHbid (UIBTpAT Kaydyka W ocagok TVY, a HCIOIb30BaHHBIN
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METPOJICHHBIN 3PP MOIHOCThIO pereHepupoBanu. Kayuyk OBUI pereHepupoBaH C MacCOBBIM
npoueHtoM 24% (1o Becy), a TY - ¢ maccoBbiM nporeHToM 20% (10 Becy) OT 00111ero KoJu4ecTna
MCIOJIb30BaHHBIX ITMH. BOCCTaHOBICHHBIN KaydyK OBLIT OXapaKTEpU30BaH, a €ro (GyHKIIMOHATbHBIE
IpyNIbl OBUTM M3YYE€HBI C MOMOIIBIO '"H-SIMP u HK-criekTpocKOonuu, KOTOpbIE IMOKa3aJld, YTO
Kay4dyK TMpEJCTaBIseT COOOM IOJMHM3OMPEH, CMEIIAaHHBIH ¢ moauOyraaueHoM. VcciemoBaHus
pentreHoBckoi mudpakunn, FESEM u tepmudeckuii anamus (TT'A, ATA u JICK) mokazanu, 9to
BOCCTAHOBJICHHBI Kay4dyK SIBISIETCS aMOpP(GHBIM, SJACTUYHBIM [0 TPHUPOAE, TEPMHUECKH
CTaOWJIBHBIM C DSHJOTEPMUYECKHM TIOBEJIEHUEM, U COJEPKUT HEKOTOpble HEOPraHUYECKue
npumecu. C apyroit cropons, BET (Brunauer-Emmett-Teller) ananus TexHHYECKOro yriepoja
MMOKa3bIBAET, YTO ATO ME30MOPUCTHIN MaTepHall C BHICOKOW yAEIbHON MOBEPXHOCTHIO (as = 149,44
M2~r'1) U mopamu co cpeaHuMm auamerpoM (13,623 uHm). Pa3smep uactul, CTpyKTypa U XUMUS
MMOBEPXHOCTU pereHeprpoBaHHOTO TY OB U3MEPEHBI COOTBETCTBEHHO ¢ omotbio XRD, BET u
FESEM, u ObLI0 BBISIBICHO, YTO OH 00JaJacT IPEBOCXOAHBIMU aACOPOIIMOHHBIMU CBOMCTBAMH.
KiaroueBble cioBa: mepepa0oTka IWH, Pe3WHA, METPOJCHHBIA APUpP, TEXHUUYECKUN YIIEepol,
TTMOKCHUJT KPEMHUS, OKCHUJT aJTFOMUHHSL.



