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Sorbents based on mesoporous silicas modified with hydrazide functional groups

The silica-based sorbents characterized by MCM-41 pore structure and modified with hydrazide groups were
synthesized. The low-temperature nitrogen sorption method, X-ray phase analysis, FT-IR spectroscopy and
scanning electron microscopy were used to determine textural-structural properties of the silica sorbents under
investigation. The presence of modifier reduces values of specific surface area. The impregnation method en-
hances adsorption capacity to a larger extent as compared with the direct synthesis method. The sotrption of
copper (II), nickel (II), and cobalt (II) from aqueous solutions by the obtained reagents was studied. The study
of non-ferrous cations’ adsorption evinced that, depending on pH value of the medium, both conjoint extraction
and separation of cations were possible. The sorbents can be used to quantitatively separate copper (II) ions
from nickel (IT) ions. The sorption capacity of the reagents as dependent on the method for modification of the
silica base and on the monomer concentration was explored under condition of conjoint metal sorption. The
effect of temperature on the sorption of metals by the obtained modified silica at different pH values and the
method of their interaction with the surface of the MCM were determined.

Keywords: mesoporous silica; modification; hydrazide; sorption; acids Versatic, non-ferrous metals, impreg-
nation method, direct synthesis.

Introduction

Determination of trace amounts of elements by conventional physical and physico-chemical methods is
often impossible due to sensitivity and selectivity limitations and rather complicated composition of the solu-
tions analyzed. So, it is very important to develop novel preparation methods of available and inexpensive
sorbents for group extraction of metal ions from aqueous solutions of complicated composition. Combined
analytical methods, such as determination.of the microcomponents after concentrating procedure, seem to be
rather promising. Sorption is the most efficient method of concentrating, as the microcomponents from large
volumes of solutions can be concentrated using a relatively small amount of sorbent without organic solvents,
required for conventional metal extraction processes.

Recently, attention of the researchers has been attracted to application of mesoporous materials, charac-
terized by both regular pore‘arrangement and high textural parameters. Thus, mesoporous silicas have been
widely used as catalyst support materials owing to their unique structure and physicochemical properties [1-8].

Only few papers/are devoted to the use of mesoporous structures in extraction and selective sorption
processes [9—15]. From a great variety of sorbents suggested for concentrating of elements, the surface-modi-
fied ones are knewn to have the best sorption characteristics. Chemically modified silicas (CMS) belong to
this type of sorbents [16—-18]. In the modified silicas the favorable properties of the matrix — high specific
surface andhigh mesopore volume — are combined with the presence of functional groups required for isola-
tion of rare-earth-and non-ferrous metal acid complexes. As a rule, functionalized organosilanes (with NH;-,
CN-, and other reactive groups in an organic backbone) as well as the salts of transition metals are used for
modification of silica surface [19-24]. In this paper, the MCM-41 silica surface was modified with dimethyl
hydrazides based on Versatic tert-carboxylic acids CH3;RiR,CCOOH where R; and R; are alkyl radicals and
the total length of hydrocarbon chains is 10-19.

The results obtained allow new methods to be suggested for isolation and separation of complexes of
non-ferrous and rare metals from wastewater and technological solutions. These methods are based on con-
centrating of microcomponents from large volumes of solutions using a relatively small amount of a sorbent
without organic solvents. Thus, the study of sorption capacity of mesoporous silica structures is undoubtedly
urgent.

Present paper is aimed at the study of nickel (II), cobalt (II), and copper (II) sorption onto the surface of
modified mesoporous silica sorbents functionalized with hydrazide and amide groups.
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Experimental

The silica base of sorbents with ordered structure of mesopores (MCM-41) was obtained by the template
synthesis method under hydrothermal conditions at 100 °C for 2 days [25]. The following compounds were
used: tetraethoxysilane (TEOS) as a source of silicon, cetyltrimethylammonium bromide (CTAB) as a struc-
ture-forming agent. The synthesis components were taken at the ratio TEOS 1:CTAB 0.2:NH3 3.5:H,O 100.

Two methods were used to functionalize the surface of silica specimens: post-synthetic modernization —
PM-DMHD and hydrothermal synthesis — HTS-DMHD. Herein, abbreviations DMHD stand for N’,N’-di-
methylhydrazides. The mentioned compounds are based on the Versatic tert-carboxylic acid fractions with the
formula CH3RR>,CC(O)OH, where R and R» are alkyl radicals with total number of carbon atoms equaling 10.

MCM-41 was modified via the HTS method, the conditions being described above. A functional reagent
was introduced into the reaction medium after the formation of a SiO; sol during the synthesisof silicon diox-
ide via CTAB and TEOS interaction. Then hydrothermal treatment of the mixture, followed by separation.and
drying of the precipitate, was carried out. The template (CTAB) was removed by extraction with.ethyl alcohol,
acidified with HCL.

The silica framework was functionalized according to the IM method: the MCM-+41 sample was placed
in a round bottom flask, the calculated amount of DMHD was added and the mixture was refluxed in ethanol
medium for 4 hours. Then the reaction mixture was filtered, and the solid residue was dried at 80 °C to remove
the solvent.

Structural pore organization of the silica base was explored by the X-ray phase analysis on the XRD-
7000 diffractometer (Shimadzu, Japan) using CuK,-radiation (A.y=1.54184 A) in low-angular 20 interval (1.4—
10°) with 0.01-0.005° step.

IR Fourier spectrometer, model IFS 66/S (Bruker, Germany) was used to explore the structure of modified
silica sorbents at 150-4000 cm’!; specimens were 100-fold scanfied at room temperature and at 2 cm™ resolu-
tion.

Textural parameters of the sorbents (specific surface area, total pore volume, pore diameter, pore size
distribution) were determined with use of low-temperature nitrogen sorption at —196 °C on the ASAP 2020
device (Micrometrics, USA) after degassing the material under vacuum at 90 °C for 3 h.

Structural properties of the copolymers were explored as follows. To adjust the requisite pH value of the
100 ml solution containing only copper (II) ions or conjointly copper (II), nickel (II) and cobalt (II) ions, either
hydrochloric acid or ammonium at a respective concentration was added. Next, 0.200 g of modified silica were
added to the obtained mix and stirred. 20 Minutes-later, residual content of metal ions was determined in the
aqueous phase. To this end, the SOLAAR 1CE 3500 atomic adsorption spectrometer (Thermo Fisher Scientific,
USA) was used. The same device was used to determine titers of standard sulfate solutions of copper (II),
nickel (II) and cobalt (II).

The values of static metal sorption capacity (EM), extraction degree (E) and distribution coefficient (D)
and separation factor (B) were calculated via the formulas (1-4), with errors not exceeding 5 %.

E = (Co— Ceq)/Co-100 %; 1)
E" = (Co— Ceq)V'/ 1000 m*M; 2)
D= (4-10°)/Cue; 3)

B = Dmel/Dyica. “)

Herein, () stands for metal concentration in the starting solution, mol/l; C.q — for residual equilibrium
concentrationof extracted metal in the solution, mol/lI; Cve — equilibrium concentration of metal, mg/g; V' —
volume of the flask, ml; m — weighed portion of sorbent, g; M — molar mass of metal, g/mol; 4 — equilibrium
metal sorption, ml/g.

Thermodynamic characteristics of sorption equilibriums, namely limiting adsorption value
(I, mol-g™"), and adsorption equilibrium constant (K), were calculated by means of linearization of the Lang-
muir adsorption isotherm [25]:

I'=TK-C/(1+K-C) 5)
or rewritten as:
CIr=1/(KTw)+Cl. (6)

Here, / stands for adsorption value, mol/g; C — for equilibrium concentration of the substance in the
solution, mol/l.
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To explore the structure of the surfaces after gravimetrical measurements, the Hitachi S-3400N scanning
electron microscope equipped with the energy-dispersive analyzer (Bruker, Germany) was used. The surface
of the specimens was scanned with x1000 magnification.

Results and Discussion

1. Structure and characteristics of the sorbents

The X-ray phase analysis applied to explore the silica base structure in the low-angle 20 = 1.4°-10°
interval has shown evidence of reflexes 100, 110, 200, 210 on the X-ray photograph of silica. These reflexes
are characteristic of the steric group P6mm and confirm hexagonal pore organization (MCM-41) of the material
produced. In addition, the X-ray phase analysis has found out modification of MCM-41 silica by means of
hydrazide and amide groups to result in disordering the porous structure.

The results of FTIR-spectroscopic (Table 1) investigations permit the assumption that, during modifica-
tion of the silica base, the silica matrix and the modifying objects most probably interact. This interaction
results, at least, in formation of hydrogen bonds and associates. This phenomenon is evinced by reduced in-
tensity of the band at 3900-2900 cm™!. During hydrothermal synthesis (in the presence of an alkali and quater-
nary ammonium bases under hydrothermal conditions), amides and hydrazides can, in accord with the Hof-
mann rearrangement, possibly be cleaved with formation of amines.

Table 1
FT-IR spectroscopy of the modified silica sorbents
Structural fragments
Sample _ _ Has Has Hs
OH,H,0| NH | c=0 | ¢N | ¢=N | c-0 G I
$i0; (MCM-41) 34000000‘ 1636 1236-1091 969 802
DMHD 3252 | 1658 | 1523
HTS-DMHD 33070000‘ 1636 1479 1240-1092 964 800
PM-DMHD 33070000‘ 3427 | 1653 | 1533.] 1469 | 1381 | 1239-1157-1080 | 968 805

Investigation in textural characteristics of the MCM-41 silica base has evinced the sorption isotherms of
the specimens to be shaped typically of organized mesoporous structures, in accord with the IV type of the
ITUPAC classification (that is, isotherms with clearly expressed capillary condensation of nitrogen) (Table 2).

Table 2
Textural parameters of the sorbents
Textural characteristics
Sample E,, kJ'mole ! Specific surface area, | Total pore volume, Average pore
Sger m>-g’! Vit cm3-g! diameter, D nm
Si0, (MCM-41) 952 0.59 2.4
HTS-DMHD 54.6 42 0.07 6.3
PM-DMHD 45.6 239 0.20 33

The texture and structure of sorbents was studied by low-temperature nitrogen adsorption method (Ta-
ble 2). According to the data given in Table 2, the sample is a mesoporous material with a high specific surface
area (up to 952 m*xg™!). The binding energy values obtained using the TGM method (Table 2) prove the grafted
groups to be strongly bound to the support surface [26]. The surface area is significantly reduced upon modi-
fication procedure. This effect is the most pronounced in case the grafting and synthesis processes are carried
out simultaneously. A decrease in the specific surface area and pore volume can result in deterioration of the
MSM adsorption characteristics. However, a rather high content of functional groups (13-22 mmolxg') and
ability of the letter to form six-membered chelate cycles with the complexing ion should be taken into account.
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So, these materials can be used as sorbents for concentrating, separation and extraction of nonferrous metals
ions from solutions of complicated composition.

The synthesized specimens being planned to be used as sorbents to treat wastewater, adsorption capacity
for copper (II), nickel (II) and cobalt (II) ions of the sorbents obtained was explored. Porous structure of a
material can appreciably influence the adsorption kinetics. During adsorption, a phenomenon of transferring
the substance inside the pores appears. This phenomenon is characteristic of the diffusion mechanism. This
stage often determines the time of attaining the adsorption equilibrium. Portions of a metal extracted are de-
pendent on the adsorption conditions — on acidity of the medium and duration of contact between sorbent and
solution; therefore, dependence of adsorption on these factors was studied first of all.

The adsorption on the prepared sorbent-support was studied in detail. The optimal contact time of the
sorbent-support with a copper-containing solution was shown to be 20 minutes. The adsorption of cobalt and
nickel in acidic and neutral media is completed within 60 minutes, and in alkaline medium — within
20 minutes.

The adsorption mechanism in case of the adsorbents with the pore sizes commensurate with the size of
the adsorbed molecules is significantly different the one observed on the large-pore adsorbents. No adsorption
layers are formed in micro- and mesopores, and adsorption proceeds via a volume-filling mechanism [27].

In wastewater, non-ferrous metal ions are present as mixes; therefore, conjoint adsorption of copper,
nickel and cobalt ions was studied. The atomic adsorption spectroscopy applied to'control the contents of metal
ions in equilibrium solutions during the sorption process had enabled exploring sorption of transition metal
ions when conjointly present in solutions and with the regard for mutual influence of ions on the sorption
process.

In Table 3 and Figure 1 the data on silica sorbents prepared by_the postsynthetic modification (PSM) are
shown, the grafting density being different. The molar ratio of the support to the grafted groups varied in the
range 1:0 + 1:0.4. The grafting of DMHD groups by the HTS method resulted in a 20-fold reduction of the
initial surface area, and these samples were removed from experiment.

Table 3

The effect of pH and grafting density on the sorption capacity (E*) of non-ferrous metal ions
with silica sorbents obtained by the method of postsynthetic modification

Ratio SBET. £
pH . ] Co*t NiZ Cu?
Si0/DMHD | w™g mmol-g'| pmol'm? | mmol-'g’! | umol xm-? | mmol-g"!' | umol X m 2
1:0.05 950 3.80 4.00 0.61 0.64 0 0.00
08 1:0.10 390 1.15 2.95 0.92 2.36 3.99 10.23
’ 1:0.20 280 0.90 3.21 0.94 3.36 4.10 14.64
1:0.40 40 0.82 20.50 0.98 24.50 4.10 102.50
1:0.05 950 3.99 4.20 1.19 1.25 0.00 0.00
41 1:0.10 390 0.18 0.46 0.21 0.54 2.66 6.82
’ 1:0.20 280 0.18 0.64 0.27 0.96 2.74 9.78
1:0.40 40 0.21 5.25 0.39 9.75 2.63 65.75
1:0.05 950 5.26 5.53 1.68 1.77 4.41 4.64
103 1:0.01 390 0.00 0.00 0.11 0.28 3.64 9.33
; 1:0.20 280 0.00 0.00 0.13 0.46 3.70 13.21
1:0.40 40 0.00 0.00 0.13 3.25 3.71 92.75

A decrease in adsorption parameters observed in some cases (Table 3, Fig. 1 a—c) is primarily due to
structural changes of the sorbent upon modification. At the same time, the pore size increases significantly.
Hence, a pore-size dependent diffusion process is strongly affected by this structural change [27].

Functional groups are reactive enough to bind transition metal ions. So, the adsorption capacity value, or
adsorption onto MCM unit surface area, increases proportionally to the grafting density (Fig. 1 d—).

Functionalization of the surface affects the pH range of extraction of metal cations, and separation of
metals in the case of joint presence is possible (Table 4).
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Figure 1. The effect of pH and density of grafting on the sorption capacity (£") of non-ferrous metal ions
with silica sorbents obtained by the method of postsynthetic modification
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Table 4

Effect of pH on the separation of non-ferrous metal cations (joint presence) on the initial MSM-41
and modified IM-DMHD (#250rb = 0.0200 g, Vask = 10 ml, # = 20 min, DMHD/SiO:= 0.05; 0.1; 0.2

pH 1.5 pH 5.0 pH 8.7
Tons D, pl'-m? E, mmol-m? D, pl'm 2 E, mmol-m? D, ul-m> E, mmol-m?
MCM-| PM- |MCM-| PM- |MCM-| PM- |MCM-| PM- |MCM-| PM- |MCM-| PM-
41 DMHD 41 DMHD 41 DMHD 41 DMHD 41 DMHD 41 DMHD
Co 55 130 0.37 0.8 11 109 0.08 0.7 19000 | 13380 39 4.8
Ni 553 610 3.90 5.0 537 369 7.9 5.5 5900 | 6000 7.4 9.3
B McM-41 10.1 48818.2 32
B pM-DMHD 4.7 34 22
Cu 0 50 0 0.4 28 0 0.23 0 107000 | 40700 4.5 5.9
Ni 760 930 4.5 59 581 750 4.1 5.4 2820 | 6710 6.5 9.4
B wcwar - 20.8 37.9
B PM-DMHD 20.1 _ 6.1
Cu 0 | 3420 | 0 43 0 | 7940 | 0 47 | 134000] 5490 | 48 51
Co 107 | 1040 | 067 | 7.1 | 115 | 190 | 067 | 2.6 | 434 | 2300 | 1.8 | 89
Ni 577 | 1400 | 41 | 3.7 | 364 | 780 | 3.10 | 5.5 /| 1250 4 1390 | 57 | 7.1
2+ 2+
B mMcM-41 54 32 ((331111”//(13]?2" — f(())78
Cu?'/Co*" 33 Cu?*/Co?" 42 Cu?'/Co?" 2.4
B mo Cu®/Ni%* 2.4 Cu?*/NiZ* 10 Cu?*/Ni%* 3.9

As follows from the data obtained, the grafting of hydrazide groups onto silica surface considerably ex-
pands the pH range of copper extraction (Tables 3, 4, Fig. 1). The MCM-41 specimen modified with DMHD
groups maximally separates copper (II) ions from cobalt (II) and nickel (I) ions in neutral and alkaline media.
Ions of the Co(II)-Ni(II) pair can be separated in an alkaline medium. At neutral pH value, ions of the Ni(II)—
Cu(Il) pair freely separate from one another as the mentioned pair is not adsorbed under these conditions.

The temperature effect on the sorption of metals by the modified silicas was studied at different pH values.

For PM-DGHD samples at low and medium pH values, the sorption capacity was found to be decreased
with the temperature rise. This fact indicates physical nature of adsorption.

With high pH values, when non-ferrous metal ions can possibly form complex compounds with DMHD-
groups [28, 29], the situation changes: The tangent angle of the In E vs.1/T (Fig. 2) dependence inverts its sign,
i.e. with increasing temperature, adsorption enhances. This becomes possible in case of a chemical reaction on
the surface.
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Figure 2. The effect of pH on the temperature dependence of the sorption capacity
of the modified silica with respect to Cu?" cations
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A similar phenomenon was observed in the case of adsorption of cobalt cations on the surface of the
modified silica.
Only physical adsorption onto the initial sorbent surface takes place over the entire pH range studied

(Fig. 3).

M
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1 — MCM-41; 2 — HTS-DMHD; mgor, = 0.0200 g; Viasie= 10 ml; £ =20 min; pH =28
Figure 3. Adsorption isotherm of Cu(Il) in neutral medium for sorbents:

Chemisorption and covalent bonding with surface functional groups can hinder desorption of metal cati-
ons into the solution in further operating cycles of modified sorbents. So, at the next step, the desorption of
copper ions from dimethyl hydrazide-functionalized MCM-41 was studied.

Desorption of copper cations from the MSM surface modified by DMHD impregnation was studied at
ambient conditions. Copper adsorption was catried out at pH = 8, as at this pH-value copper can be isolated
completely. On the contrary, desorption was carried out in an acidic medium, as, according to the data obtained,
under these conditions the values of adsorption parameters are significantly lower.

The maximal degree of copper cations’ desorption from the surface of sorbents equaled 98 % and was
observed at 2M concentration of the acid. In sulfuric acid at 1M concentration, 64 % of copper were desorbed.
To reduce concentration of the acid and to increase the degree of copper desorption, the process should be
conducted at an elevated temperature. The reason is that physical adsorption largely predominates under these
conditions, as is evinced by theadsorption heat values obtained by us.

Conclusions

In this work,structural and adsorptive properties of MCM-41 specimens as influenced upon by (a) mod-
ification of their surface with hydrazide groups, and (b) the modification method as well were studied.

Specific surface area of the adsorbent was shown to be significantly reduced after grafting of functional
groups. Impregnation method (IM) is more preferable for surface modification than the hydrothermal synthesis
(HTS); as in this case surface area reduction is less pronounced and, at the same time, the texture changes are
obseryed. This changes lead to a wider pH-range of extraction and separation of non-ferrous metal cations than
the one for the initial MSM.

A comprehensive study to choose the optimal conditions for adsorption and desorption of metal cations
(copper (1), nickel (IT), cobalt (II)) on the MSM surface modified with chelating functional groups.

The work was performed on the state assignment number AAAA-A18—118032790022—7.
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T.JI. baryeBa, H.b. Konapamiosa, M.I". lllep6ann

I'mapasuati pyHKuMOHAIABI TONTAPMEH MOAU(PUKANUAIAHFAH
Me30KeyeKTi KpeMHe3eM/iep Heridinaeri copoeHTTep

Kpemuesewm Herizinzeri keyeri MCM-41 Gonatbit, Versatic TpeT-kapOOH KbIILIKbUIAAPEI (PPAKLIUSICBIHBIH HETi-
3iHAEri THApPa3sHATI TONTapMEeH MOIAMGHKAMIAHFAH COPOCHTTEp CHHTE3/EIIN ANBIHABL A30TTHIH TOMEHTI
TeMIepaTypaigbl coponuscel, pertreHpasansk aHanns3 (POA), NK-crekTpocKonmsCcH oHe CKaHEepAEHTIiH
AIIEKTPOHIBIK MUKPOCKOIIUS diCcTepi apKbUIbI 3EPTTENIHETIH KpeMHE3eMAlI COPOCHTTEPAIH TEKCTYPabIK-KY-
PBUTBIMIIBIK KACHETTEPl aHBIKTAIBL. AICOPOIMSIBIK XKOHE AeCOPOIMSIIBIK OSTTepiHiH colikec Kemyl copOeHT
KYPBUIBIMBIHBIH PETTLIITiH Kepcereai. MoaudukatopasiH 60Tybl MEHITIKTI OCTTIK ayIaHBIHBIH KeMyiHe aKe-
neni. Cynel epitingineri moic (II), Hukens (II) sxone kobGanbTThIH (II) copOumscer 3eprrenni. CiHnipy. o/ici,
Typa CHHTe3 dJliciHe KaparaHjaa, MoAu(UKaHMsIaHFaH KPeMHE3eMHIH aJcopOIMsIIBIK KaOineTTuIiriH apTThl-
pazpl, Oys 6actanksl MCM canbiCThIpFaHaa TYCTi MeTanaapasl Oerin anyaslH pH AxMana3oHbIH KEHEUTYyTe
MYMKIiHIIK Oepeni. TycTi MeTangap KaTHOHAAPBIHBIH COPOIISCHIH 3epTTey opTaHbH pH KepceTkinTine Oaiina-
HBICTBI KaTHOHApABI Oipre Hemece skekeneil Oeunin amyra 6onmateiHbH KepceTTi. Copbenrrep mbic (II), Hu-
xens (1I) nonmapea Memmepitik Oemin amyna KoigaHyra 6omangsl. Kpemuesemai Herizain Momudukanus omici
JKOHE MEeTaIIap/bIH OipJIecKeH cOpOUSICH Ke3iHAer MOHOMEp KOHIIEHTPAUsACHIHA PeareHTTEPAIH COpOmus-
JBIK KaOiIeTTLNIrHIH Toyesaiiri 3eprrenni. pH apTypii mamanapsiaaars! xaHe oiapasiH MCM OeTrik Kaba-
TBIMEH 9CepJIecyl HOTHKEeCiHIe MOIM(DUKALMIIAHFAH KPEMHE3eM HET131H/Ie aJlbIHFaH MeTaliap COpOLHAChIHA
TeMIlepaTypaHbIH acepi aHbIkTanasl. CopOeHTTIH OeTTiK KabaThIHAAFbl MBIC KaTHOHIAPBIHBIH 1ECOPOLHSCH
AHBIKTAJIIBL.

Kinm coe30ep: Me30KeyeKTi KpeMHe3eM, MOIU(UIMKAINS, TUIPA3UT, copOIws, Versatic KbIIIKbUIIAPHI, TYCTI
MeTanap, CiHIIpy 9ici, Typa CHHTES.

T./. baryesa, H.b. Koanpamosa, M.I". lllepGanb

CopOeHTBI HA OCHOBE Me30IOPUCTHIX KPEeMHe3eMOB,
MOAUGUIIUPOBAHHBIX THAPASUIHBIMH (PYHKUHMOHAJIbHBIMHM TPyNIaMu

CuHre3upoBaHbl COPOSHTHI HA OCHOBE KPEMHE3EMOB O CTPYKTypoit op MCM-41, MmoanduLpoBaHHbIe THI-
Pa3sUIHBIMU IPYIIIAMHU HAa OCHOBE ()paKLH — TpeT-KapOOHOBBIX KUCIIOT Versatic. MeTonaMu HU3KOTeMIIepa-
TypHOU copOumu a3ota, perrreHodazoporo aHanmza (POA), UK-crekrpockonueii 1 CKaHUPYIOLIEH IEKTPOH-
HOU MHKPOCKOIIMH OIPEIeNICHBl TEKCTYPHO-CTPYKTYPHBIE CBOMCTBA HCCIIEAYEMBIX KDEMHE3EMHBIX COPOSHTOB.
CosmazieHue ancopOIMOHHOM 1 AECOPOIMOHHOM BETBEH CBUAETEIBCTBYET O BHICOKOH CTETICHN YHOPSIOUCH-
HOCTH CTPYKTYypbI copbenta. Hammune mMoandukaTopa IpUBOAUT K YMEHBIICHHUIO 3HAYCHHUH yJEeIbHOH ILTO-
mraan noBepxHocTH. MccnenoBana copomms meau (1), auxens (II) u ko6ansta (II) 13 BOOHBEIX pacTBOPOB IO-
JyYeHHBIMH peareHTaMu. MeToJ NMPONMTKU YBEIWYUBAET aJCOPOLMOHHYIO CIIOCOOHOCTh MOJM(HINPOBaH-
HOTO KpeMHe3eMa B OOJIbIIEll CTENeH! MO CPaBHEHHIO C METOJOM HPSIMOTO CHHTE3a, YTO MO3BOJISET CyIIle-
CTBEHHO PaCHIMPHUTH AMana3oH pH M3BIeUeHNs U pa3aeNICHUs [IBETHBIX METAJUIOB 110 CPABHEHHIO C HCXOAHBIM
MCM: Uzyuenue copOLMM KaTHOHOB IBETHBIX METAUIOB MOKA3aJlo, YTO, B 3aBUCUMOCTU OT 3HaueHus pH
Cpebl, BO3MOKHBI KaK COBMECTHOE M3BJICUCHHE, TaK U OTAEIeHHEe KaTHOHOB. COPOEHTHI MOTYT OBITH HCHOJb-
30BaHBI IS KOJIMYECTBEHHOT0 oTAeneHus noHoB Menu (II) ot monos mHukens (I1I). Onpenenena 3aBUCEMOCTB
COpOIMOHHON CIIOCOOHOCTH PEareHTOB OT CHOC00a MOAUGHKAIMN KPEMHE3EMHOM OCHOBBI M KOHIIEHTPAIINN
MOHOMEpa IPU COBMECTHON copOiiy MeTauioB. OnpeneneHs! BIUSHIE TEMIIEPaTypsl Ha COPOIHIO METAJUIOB
TIOTy9CHHBIMH MOIU(DUIIMPOBAaHHBIMYI KPEMHE3eMaMH TIPH pa3HbIX 3HadeHWs X pH u cmocob nx B3ammopeit-
cTBUsA ¢ noBepxHocThio MCM. M3yyena necopOrys KaTHOHOB MM C IOBEPXHOCTH COPOCHTA.

Kniouegvie cnosa: Me30NOpUCTHIN KpeMHe3eM, MOIU(GHIMKALH, THPa3H, COPOLMs, KUCIOThI Versatic, IBET-
HbIE€ METaJUIbI, METO]] IPOIUTKH, IPAMOH CHHTE3.
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