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An important product of biomass carbohydrate conversion is 5-hydroxymethylfurfural as a potential raw
material component of a wide range of important chemicals. The aim of the work was to study the conversion of
glucose into 5-hydroxymethylfurfural in the presence of modified clinoptilolite and mordenite-clinoptilolite
zeolite rocks from Transcarpathia. A number of acid catalysts have been synthesized by liquid-phase ion
exchange of native cations with calcium, lanthanum, and ammonium cations, as well as by dealumination with
hydrochloric and ethylenediaminetetraacetic acid. Their properties were characterized using XRD and XRF
analysis, low-temperature nitrogen adsorption/desorption, and FTIR spectroscopy. The acidity of the samples was
determined by reverse n-butylamine titration. Acid treatment of the samples contributed to an increase in the
specific surface area of the samples by an order of magnitude. The samples were tested in the conversion of 9%
aqueous glucose solution into 5-hydroxymethylfurfural. The composition of the reaction products was analyzed
by gas chromatography. The glucose conversions and the yields of 5-hydroxymethylfurfural, levulinic acid, and
fructose were calculated. The glucose conversions ranged from 30 to 70 %. The results were analyzed in
accordance with the characteristics of the nature of the active sites of the catalysts and the porous structure of the
latter. It was found that the samples with the presence of Lewis acid sites in the form of extra-framework
aluminum and multiply charged cations are characterized by the highest 5-hydroxymethylfurfural yields. Due to
glucose conversion occurs mainly on the outer surface of zeolite crystals and at the entrances to the cavities, the
polycationic form of clinoptilolite, despite its low porous characteristics, demonstrates the highest yield of
5-hydroxymethylfurfural.
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Introduction

Carbohydrates of biomass are important natural sources of energy. However, the bulk of the
biomass carbohydrates is in the form of cellulose, which, despite its abundance, is little used in the
chemical industry due to its low solubility and low reactivity. This natural biopolymer can be hydrolyzed
to simple carbohydrates, and the latter can be dehydrated to furan derivatives, in particular, furfural,
5-hydroxymethylfurfural (5-HMF), levulinic, and lactic acids [1-4].

Biomass-derived 5-HMF is a potential feedstock for a wide range of chemicals and biofuels. Its
production from monosaccharides involves the isomerization of glucose into fructose, which converts
into 5-HMF by losing three water molecules (Scheme 1). Therefore, fructose is considered as a key
precursor of 5-HMF.
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Scheme 1. Scheme of glucose transformation into 5-HMF

It is believed [5, 6] that in the first stage, Lewis acid sites (LAS) catalyze the isomerization of
glucose into fructose by the 1,2-hydride transfer mechanism, while Brensted acid sites (BAS) contribute

Catalysis and Petrochemistry, 2025, 36



34 Kamaniz ma nagpmoximia, 2025, No36

to the second stage - the dehydration of fructose into 5-HMF. There is another approach [7], according
to which the dehydration of glucose into 5-HMF is possible through the formation of the intermediate
1,2-enediol without involving fructose as an intermediate product.

It is natural that the use of heterogeneous catalysis in the conversion of hexoses is a progressive
and promising direction that will contribute to the development of technologically advantageous
processes for obtaining platform substances from sugars. Today, the conversion of glucose and fructose
is intensively studied in aqueous, alcoholic, or other solvent environments with the involvement of a
significant range of solid catalysts. However, cheap natural zeolites have not yet found proper
application in this area [8-12].

Therefore, the aim of the work was to study the conversion of glucose into 5-HMF in the
presence of modified natural clinoptilolite and mordenite-clinoptilolite zeolite rocks of Transcarpathia.

Experiment

Synthesis of catalysts

As the starting materials, the samples of natural Transcarpathian zeolite rocks of mordenite-
clinoptilolite (MC) and clinoptilolite (C) origin were used. The SiO2/Al>Os ratio for C rock was 8.4, and
for MC rock — 9.5. The content of clinoptilolite in the C rock is about 80 % by mass, and the content of
mordenite and clinoptilolite in MC rock is 75 % and 25 % by mass. The main impurities are mica and
quartz. Sodium, calcium, potassium, and magnesium cations compensate negative charge of aluminum
tetrahedrals. Their content was CaO (3 wt. %), Na2O (1 wt. %), KO (2wt. %) [13] and CaO
(5.5 wt. %), Na2O (0.6 wt. %), MgO (1.0 wt. %), K20 (8.1 wt. %) [14] for MC and C rocks respectively.

As a result of acid treatment of the corresponding rock with hydrochloric acid (1.5 mol/l and
4 mol/l) at the boiling temperature of a water bath, samples of hydrogen forms C-1 and MC-1 were
obtained.

The polycationic form of clinoptilolite (C-3) was obtained by sequential exchange at 90-150 °C
for calcium ions (4 exchanges), lanthanum (2 exchanges), and ammonium (1 exchange) from aqueous
solutions of the corresponding nitrates with intermediate calcinations at 550 °C for 2 h.

By “soft” dealumination of sample C-3 using ethylenediaminetetraacetic acid (EDTA) in an
aqueous medium in three stages, sample C-4 was obtained. The procedure of obtaining these samples is
described in more detail in [14, 15].

To obtain the MC-2 sample, silicon atoms in the MC framework were subjected to partial
isomorphic substitution with aluminum atoms by high-temperature treatment (600 °C) in SiCls vapors,
followed by conversion to the hydrogen form by ion exchange with 3 mol/L ammonium nitrate solution
and subsequent calcination at 500 °C for 3 h.

Characterization of the catalysts

To determine the total concentration of acid centers in zeolite samples, a reverse titration with n-
butylamine was performed. To start with, 0.3 g of a natural rock-based sample was placed in a vial of
100 cm®, weighed with analytical accuracy, and 10 cm® of a 0.1 M solution of n-butylamine in
cyclohexane was added. The vial was sealed, shaken vigorously, and left for 24 hours. After that, the
entire liquid phase was collected, transferred to a titration flask, weighed, and titrated with a 0.1 M HCI
solution in i-propyl alcohol. The concentration of acid sites was determined from the calculated change
in n-butylamine concentration based on the titration results and the known weight of the sample. This
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procedure was repeated three times for each studied sample. The results were statistically processed.
Confidence level of 95 % was used for calculating confidence intervals.

XRD patterns were recorded using DRON 4-07 equipment. FTIR spectrum was recorded using
Affinity-1S spectrometer (Shimadzu Corp.). All samples were also examined by low-temperature
nitrogen adsorption/desorption methods (Nova 1200, Quantachrome Instr.). The specific surface areas
(SBET) have been calculated according to the standard Brunauer—-Emmet—Teller (BET) method utilizing
the nitrogen adsorption data at P/Po values between 0.06 and 0.2. The micropores volumes (V'micro) and
micropores surface areas (S'micro) have been estimated using the de Boer t-plot method. External surface
(SY) was calculated as the difference between SBET and S'vicro. Silica to alumina ratio in the samples were
determined using XRF analysis (X-Supreme8000, Oxford Instruments).

Glucose dehydration

The conversion of glucose on zeolite-based catalysts was carried out in an aqueous medium
using glass autoclave reactors of 35 cm?® with a screw Teflon top. The loading volume of the aqueous
reagent solution was 5.0 cm?, the mass ratio of solid to liquid (S:L) phase was 1:9. The catalyst sample
of 0.50 g was poured into the flask, 0.50 g of glucose and 5.00 g of distilled water were added. A
magnetic stirrer was placed in the autoclave, then it was sealed and placed in a preheated oil bath. The
process was carried out for 4 h with intensive stirring (1000 rpm) at 160 °C. The products were cooled in
air and in a stream of cold water. The catalyst and precipitate of insoluble humins as by-products were
separated by centrifugation (10 min, 3000 rpm).

Reaction products were analyzed by using an Agilent 7890A gas chromatograph (FID detector,
split/splitless inlet, the capillary column J&W HP-5 (5 %-phenyl)-methylsiloxane, 30 m, inner diameter
0.32 mm, film thickness 0.25 um). For the analysis, about 0.2 cm® of liquid products weighed with an
accuracy of 0.0001 g were diluted with 2.0 cm® of distilled water. The brown sediment of water-
insoluble humins was separated using centrifugation (15 min, 4000 mint). The following conditions
were used for the analysis: inlet temperature — 200 °C; split ratio — 20:1; chromatographic column heater
temperature — 100 °C, then 5 °C/min to 175 °C and 30 °C/min to 320 °C; carrier gas (N2) flow rate —
3 cm®/min; detector temperature — 260 °C; injection volume — 1 ul. The concentrations of 5-HMF and
levulinic acid were calculated using calibration curves in range 0.1 to 0.5 wt. % for 5-HMF and 0.05 to
0.2 wt. % for levulinic acid obtained with analytical standards of corresponding pure substances. The
analysis was repeated 3-5 times and the results were averaged.

To determine the concentration of glucose in liquid products of catalytic transformation, gas
chromatography analysis with D-sorbitol as internal standard (>98.0 %,) was carried out with
preliminary derivatization of hydroxyl groups by means of trimethylsilytatation with
trimethylchlorosilane (Sigma Aldrich, >99.0 %, for GC derivatization) and hexamethyldisilazane
(Sigma Aldrich, >99.0 %, for GC derivatization). About 0.04-0.05 g of the liquid products were placed
in a glass vial (10 cm®). The vial with the sample was weighed with an accuracy of 0.0001 g and then
evacuated (< 1 kPa) for 3 h at 20 °C and for 1 h at 70-80 °C to remove water and volatile products. The
residue was dissolved in 2 cm® of D-sorbitol standard solution in pyridine (0.315 wt. %), pyridine, and
then 60 pl trimethylchlorosilane and 120 pl of hexamethyldisilazane were added. The vial was closed
and shaken intensively followed by centrifugation (10 min, 3000 min™) in order to remove the sediment
of ammonium chloride. The sample for chromatographic analysis was taken from the liquid phase, not
disturbing the formed sediment. Varying amounts (about 0.04-0.08 g) of D-glucose (pharmaceutical
purity FS 42U-52/37 709 00, Ukraine) standard solution in pyridine (10.00 wt. %) were treated in the
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same manner in order to calibrate the ratio of FID sensitivity to derivatized forms of D-glucose and
D-sorbitol. The conditions of analysis were the same as for 5-HMF and levulinic acid analysis.
D-glucose concentration was calculated from chromatographic peaks areas of both anomers of its
six-member cyclic form (a- and -D-glucopyranose).

The conversion of glucose as well as the yields of 5-HMF, levulinic acid, and fructose were
calculated from the chromatographic data.

Results and discussion

Starting raw rocks were investigated by using XRD analysis. The diffraction pattern of the MC
rock is characterized by 12 lines (20 = 6.5; 9.76; 13.44; 13.82; 14.58; 19.6; 22.18; 23.14; 25.6; 26.22;
27.66; 33.12; 35.58), which reflect the presence of mordenite and clinoptilolite phases (Fig. 1). For the C
rock, in addition to clinoptilolite lines, intensive lines of impurity quartz have been observed (Fig. 2).

20
Fig. 1. XRD pattern of MC rock: M — mordenite, ClI - clinoptilolite
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Fig. 2. XRD pattern of C rock: CI — clinoptilolite, Q — quartz

It is known that ion-exchange cations in the Transcarpatian zeolite rocks are represented
predominantly by potassium, sodium, calcium, and magnesium [14, 16]. As a result of modification of
the rocks, the silica to alumina ratio of zeolites was changed. Table 1 shows the corresponding values
established by using XRF analysis.

Table 2 shows the porous characteristics of the catalyst samples calculated from low-temperature
nitrogen adsorption/desorption isotherms. It should be noted that the application of this method for
narrow-porous zeolites, such as clinoptilolite (0.31x0.75 nm, 0.36x0.46 nm, and 0.28x0.47 nm) and
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mordenite (0.67x0.70 nm, 0.29x0.57 nm) [17], is quite limited due to the slow diffusion of nitrogen in
their narrow channels.

Table 1. Silica to alumina ratio in the samples

Sample SiO,/Al,O3 Sample SiO,/Al,O4
C 8.4 MC 9.5
C1 8.8 MC1 18
C3 10.9 MC2 12
C4 13.1
Table 2. Adsorption characteristics of the catalysts
Sample SBET m?/g S, m?g S'micro, M2/ Vs, cm®/g | V'micro, €M%/ | Vimicro/ Vs, %
C 9.6 3.7 5.8 0.016 0.002 13
C-1 131 9.9 121 0.075 0.049 65
C-3 9.2 2.3 6.9 0.013 0.003 24
C-4 89 16.6 72.1 0.031 0.071 42
MC 62 22 40 0.075 0.019 25
MC-1 264 21 243 0.157 0.096 62
MC-2 31 13 18 0.067 0.006 8.8

As can be seen from the data in the table, the specific surface area of the C zeolite and its
polycationic form C-3 is quite low (~ 9 m?/g). Moreover, for C-3 it is even slightly smaller than the
value for the original rock, which may be due to an increase in the radius of cations in the polycationic
form, in particular, the presence of lanthanum cations. After acid treatments (samples C-1 and C-4), the
specific surface area increases by an order of magnitude due to unlocking access to micropores after
partial destruction of the zeolite structure, leaching of impurities, and ion exchange of divalent cations
for a proton. A similar trend of significant increase in BET surface area is observed after acid treatment
of mordenite-clinoptilolite rock. The specific surface area increased from 62 to 264 m?/g, which is close
to the values for synthetic mordenite-type zeolite [18]. At the same time, the content of micropores
increases approximately 5 times. The latter can be caused not only by the removal of structural
aluminum, but also by the replacement of the original cations of sodium, potassium, calcium with a
cation with a smaller radius - a proton [19]. The volume of mesopores also increases.

In the case of modification of MC by isomorphic substitution of framework aluminum atoms
with silicon (sample MC-2), the opposite situation is observed - the specific surface area decreases by
half, and the volume of meso- and micropores also decreases. This occurs, apparently, as a result of the
well-known phenomenon of the formation of extra-framework aluminum structures that remain in the
pores of the zeolite [20].

The mesopore content in the samples, calculated using DFT theory, is summarized in Table 3.
Dealumination with hydrochloric acid contributed to a slight increase in the mesopore volume in the
case of samples MC-1 and C-1, while EDTA treatment (sample C-4) caused a 15-fold increase in the
mesopore volume. Obviously during the treatment of the polycationic form of C-3 with EDTA, partial
dealumination and decationization of the rock with pore expansion occurs. It is interesting that the use of
EDTA contributes to both an increase in microporosity and mesoporosity of the sample, while treatment
with mineral acid only leads to an increase in microporosity (Tables 1 and 3).
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Table 3. Volume of pores (V) with a diameter bigger than 2 nm for unmodified and modified samples
calculated using DFT approaches

Sample V, cm¥/g Sample V, cm¥/g
C 0.003 MC 0.062
C1 0.015 MC1 0.073
C3 0.008 MC2 0.051
C4 0.045

Table 4 shows the concentration of acid centers in the zeolite catalyst samples, measured by
reverse titration with n-butylamine. Obviously, the molecules of the latter (kinetic diameter ~ 0.5 nm)
cannot access the acid sites inside the zeolite micropores of clinoptilolite. Therefore, the values given
refer only to the centers on the outer surface of the catalysts. One can be absolutely sure that glucose
molecules (kinetic diameter about 1 nm [21]) cannot access the centers located deep in the clinoptilolite
structure, to which n-butylamine does not have access. As might be seen from the data in Table 4, the
concentration of acid sites available for the latter in the original C rock and its polycationic form, C-3, is
extremely low. A noticeable increase in the number of acid sites in the C-4 sample is observed after
EDTA treatment. As shown above, the surface area of the sample also increased significantly (Table 2).
The start MC rock contains slightly more acid centers than the C rock. The acid treatment resulted in a
threefold increase in their concentration (sample MC-1), while dealumination by isomorphic substitution
of aluminum (sample MC-2) for silicon reduced it, which is apparently due to the removal of aluminum
necessary for the formation of bridged BAS. But when treating the sample with silicon tetrachloride
under static conditions, aluminum compounds are not removed, and therefore they can be LAS.
However, access to them is difficult, which is confirmed by a decrease in the BET specific surface area
of the sample.

Table 4. Experimental (Cac) and reduced cconcentration (CR4c) of acid sites in zeolite samples according
to the results of titration with n-butylamine

Catalyst Cac, mmol/g CRac, mmol/m? Potential LAS Potential BAS
C 0.07+0.06 0.0184* Na*, K*, Ca?* Weak BAS
C-1 - - Bridge OH-groups
Weak BAS
- * 2+ 3+
C-3 0.04+0.04 0.0173 Ca*, La Bridge OH-groups
Weak BAS
_ ** 2+ 3+
C-4 0.28+0.04 0.031 Ca**, La Bridge OH-groups
MC 0.18+0.1 0.0082* Na*, K*, Ca?* Weak BAS
MC-1 0.53+0.02 0.002** - Bridge OH-groups
Ca®, La™, Weak BAS
MC-2 0.11+0.04 0.085* extraframework Al .
species Bridge OH-groups

* experimental number of sites divided by external surface area, which is accessible for glucose molecules
** experimental number of sites divided by BET surface area, which is accessible for n-butylamine molecules

In the third column of Table 4, the reduced concentration of acid sites of the samples and lists of
potential sources of LAS and BAS were also indicated. The initial forms contain calcium, sodium, and
potassium cations, which compensate the negative charges on the aluminum-oxide tetrahedra. In the
field of polyvalent cations, in this case calcium, the decomposition of a water molecule is possible with
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the formation of a cation (CaOH)" and an acid-bridging OH-group - BAS. Therefore, the original form
uniquely contains both Brensted acid sites and weak Lewis acid sites in the form of mono- and divalent
cations of sodium, potassium, and calcium.

During acid treatment with 4 mol/L hydrochloric acid (sample MC-1), partial dealumination of
the rock and simultaneous decationization with the formation of new BAS occur. Aluminum was mainly
removed from the sample in this case. When treating the C rock with 1.5 mol/l hydrochloric acid, no
significant dealumination occurred. This is confirmed by the small change in silica to alumina ratio
(Table 1), which is apparently caused by the low acid concentration.

When performing isomorphic substitution of aluminum for silicon, the silica to alumina ratio
increases, which, as is known, contributes to an increase in the acidity strength of Brensted sites, which
are formed during ion exchange of native cations for ammonium and followed by thermal decomposition
of the latter. However, further thermal treatment of ammonium forms is accompanied by partial
dehydroxylation and destruction of the zeolite lattice with the formation of extra-framework aluminum,
which acts as a Lewis acid site. In addition, extra-framework aluminum compounds are formed during
the isomorphic substitution procedure itself [20]. This is confirmed by the presence of an absorption
band at 3650 cm in the FTIR spectrum (Fig. 3), which is associated with the formation of Al-OH-AI
groups [22].

Absorbance

L ALEL I R B BNLENLELIL BN B B BN B B BELENLI
3500 3550 3600 3650 3700 3750

-1
Vv, cm

Fig. 3. FTIR spectrum of MC-2 sample in the region of valence vibration of OH-groups

Therefore, when determining the acidity in MC-1 sample by titration with n-butylamine, it is quite
natural that the number of acid sites is significantly greater than in the original rock. And these centers,
which are located in the mesopores, can be partly accessible for glucose molecules, which are bigger than
n-buthylamine molecules. Whereas in the raw rock MC and in MC-2 sample, only the centers of the
external surface of the zeolite and the entrances to the channels are available for glucose conversion.

The polycationic form of C-3 contains about 80 % of the exchange capacity of lanthanum.
However, the significant kinetic radius of the lanthanum cation allows it to enter into the narrow pores of
clinoptilolite-type zeolites only upon destruction of the hydration shell at high temperatures of
hydrothermal ion exchange. At the same time, the entrances to the channels become even narrower, and
the BET surface becomes even smaller (Table 2).

The results of glucose catalytic transformations are presented in Table 5. It is quite natural that
the process of glucose transformation in agueous medium proceeds worse than, for example, in DMSO
[23], and the obtained yields of 5-HMF are significantly lower.

In relation to the number of acid centers and their nature, the obtained data can be interpreted as
follows. In the raw MC rock, there are weaker LAS (sodium, potassium, calcium, and magnesium
cations) than BAS, since the latter are formed only in the interaction with divalent cations.
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Table 5. Glucose conversion (X), 5-HMF vyield (Ynwmr), levulinic acid yield (Yvia), and fructose yield
Yer) On the zeolite samples

Catalyst X, % Y umr,% mol Yia, % mol Yer, % mol

MC 30 10.5 4.4 10.6
MC-1 51 12.0 4.1 4.4
MC-2 60 14.7 4.2 11.9
C 68 13.3 4.0 8.0
C-1 50 11.0 4.1 3.3
C-3 70 18.7 4.3 3.4
C-4 39 13.4 <3.2 9.3

Therefore, part of fructose as an intermediate product of the conversion of glucose into 5-HMF
remains in the products. Weak BAS predominantly convert glucose into humins, as was found in [23].

The MC-1 sample has a lot of BAS, while the number of LAS has decreased because the cations
have been replaced by protons using mineral acid. The extra-framework aluminum is simultaneously
mainly removed from the sample in the form of aluminum chloride. As a result, the degree of glucose
conversion has increased, but the yield of 5-HMF has increased insignificantly (only by 2 %). Therefore,
the main contribution to increase in glucose conversion was made by the formation of humins as by-
products.

On the MC-2 sample, the increase in the BAS strength contributed to an increase in the yield of
HMF by 4 %. However, in this case, the hydrogen form was obtained through the decomposition of the
ammonium form, which caused the formation of extra-framework aluminum, which acts as LAS. In
addition, strong LAS in the form of extra-framework aluminum structures were formed during the
isomorphic substitution procedure itself. Therefore, the fructose yield increased again compared to the
previous sample. However, the contribution of humins is still significant in this case.

The degrees of glucose conversion on the C and C-3 samples are close. However, in the second
sample, the presence of lanthanum increases the contribution of LAS and weak BAS, which are formed
during the decomposition of a water molecule in the La%* force field. As a result, the yield of 5-HMF
increases up to 19 %. On the other hand, in C-1 sample treated with hydrochloric acid, almost all metal
cations were removed, which leads to the depletion of the sample in the LAS. While dealumination
occurred to a small extent, the acidity strength did not change significantly. As a result, it naturally
demonstrates both lower conversion and lower selectivity for 5-HMF.

In the case of C-4 sample with a higher total acidity according to butylamine titration, the same
fructose yield is observed as on the original rock form, which may be due to the potentially larger
number of LAS compared to BAS. However, glucose access to them is limited, so the overall conversion
is low.

Taking into account the approximately comparable yields of levulinic acid on all catalysts, strong
BAS are represented to a negligible extent in the above samples [23].

Therefore, in general, there is a certain correlation between the reduced number of acid sites
titrated with n-butylamine and the activity of the samples in glucose conversion. There is a clear
agreement with the nature of the acid sites caused by different stages of sample modification. The
clearly higher content of 5-HMF yields in samples with the presence of lanthanum and extra-framework
aluminum as strong LAS indicates the implementation of a two-stage scheme of glucose conversion
through its initial isomerization into fructose. The highest yield of humins is observed on samples
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modified with hydrochloric acid with a minimum amount of LAS. It is 85 and 86.4 wt. % for MC-1 and
C-1 samples respectively.

The glucose conversions obtained in this work are not very high (30-70 %). They are lower than
fructose conversions on natural clinoptilolite samples [14] obtained in DMSO medium. However, the
obtained yields of 5-HMF are comparable and even slightly higher than the yields of 5-HMF on
synthetic hydrogen and nickel-containing forms of zeolites Y, M, and ZSM-5 [23], which did not exceed
10-12 %.

Conclusions

Thus, in view of the large size of the glucose molecule compared to the pore size of narrow-pore
natural zeolites, the transformations are realized mainly on the outer surface of the zeolites and at the
entrances to the channels. The degree of glucose conversion and the yield of 5-HMF correlate with the
acidity of the samples, determined by n-butylamine titration, referred to the sample surface area
accessible to glucose molecules. The features of the catalytic conversion of glucose into 5-HMF are in
accordance with the nature of the active sites of the samples and their porous structure. The efficiency of
glucose conversion is significantly influenced by the nature of Lewis acidity, which is represented in the
samples by metal cations and extra-framework aluminum species. The presence of multiply charged
cations, in particular, lanthanum, contributes to a more efficient course of glucose conversion compared
to the raw rocks, in which Lewis acidity is provided by singly and doubly charged cations. The highest
yield of 5-HMF of about 19 % was obtained on the polycationic form of the clinoptilolite with high
lanthanum content. The obtained data confirm the two-stage conversion scheme of glucose on natural
zeolites with the intermediate formation of fructose.
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BaxmBuM  TpPOAYKTOM TMEPETBOPEHHS BYIJIEBOMIB OioMacH €  S-TigpokcuMeTHndyppyposn sk
MOTeHIIWHUN CHPOBUHHUI KOMIIOHEHT IIMPOKOTO PSNY BaXKIMBUX XIMIYHHUX pedoBHH. MeToro poboTu Oyio
JOCHIDKEHHsI KOHBepcii IIIOKo3W A0  S-rizpokcumetundypdypoidy B MOPHCYTHOCTI MOIU(IKOBaHHX
KIMHONTUIONITOBOI Ta MOPACHIT-KIMHONTHIIONITOBOT HEOomiTOBUX mopig 3akapnaTta. CHHTE30BaHO Pl
KHCIIOTHUX KaTaJi3aTOpiB NUIIXOM piakoda3sHOro ioHHOTO OOMiHY HATHBHUX KAaTiOHIB HA KaTiOHHM KaJbIIifo,
JMAHTaHY Ta aMOHIIO, @ TAKOXK MUIIXOM JCaFOMIHyBaHHS XJIOPHIHOK Ta €THJICHIaMiHTETPAOUTBOK KHUCIOTOIO.
OxapakTepu30BaHO iX BJIACTHBOCTI 332 IOTIOMOTOK) PEHTI'CHO-(PA30BOr0 Ta PEHTICHOMIYOPUCIICHTHOTO aHali3y,
HU3BKOTEMIIEpaTypHOi aacopOrii/aecopOirii a3ory ta [U-criekTpockortii. 3aiiCHEHO OIIHKY KHUCIIOTHOCTI 3pa3KiB
3a TUTPYBaHHAM 3 H-OyTminaminoMm. KucioTHa o6poOka 3pa3kiB Cpusiia 3pOCTaHHIO MATOMOI TIOBEPXHI 3pa3KiB
HAa TOpSAAOK. 3pa3kum  BUMNpoOyBaHO y  TmepeTBOpeHHI 9%  BOXHOIO  pPO3YMHY  TJIOKO3H  JIO
5-rigpokcumetrwigypdypoiny. Ckiaan MpOIyKTIB peakilii aHami3yBajld 3a JOMOMOIOI ra3oBoi Xxpomarorpadii.
Byno po3paxoBaHo KOHBepcii TIIIOKO3W Ta BHXOMU S-TimpokcuMeTmndypdhypoily, JeByITiHOBI KHCIOTH Ta
¢pykrozn. Kousepcii rmokoszn ckmamu Big 30 go 70 %. PesympTaTen mpoaHamizoBaHO Y BiMMOBIAHOCTI 0
0c00IMBOCTEH MPHUPOIN aKTUBHHUX LIEHTPIB Ta MOPHCTOI CTPYKTYpH KartamizatopiB. BcraHoBieHo, 1o Haiikparii
BUXOIHU S-TimpokcuMeTrnhyphypory XapakTepHi Uil 3pa3KiB i3 HASBHICTIO JIBFOICOBUX KHUCIOTHHX IIEHTPIB Y
BUTJIA/II TTO3aKAPKACHOTO aIOMIHIIO0 Ta Oarato3apsmHuX KaTioHiB. OCKiIbKU MEPETBOPEHHS TIIIOKO3M Tepedirae
MEepeBaXHO Ha 30BHIIIHIN MOBEPXHi [EONITHUX KPHCTANB Ta Y BXOAaX Y MOPOXHUHH, TO TOJIKaTiOHHa (opma
KIMHONTWIONITY,  HE3BaKaloul  Ha 11  HU3BKY  IOPUCTICTh,  JEMOHCTPYE  HAWBHIIMHA  BHXIilI
S-rigpoxcumeTnnPypPypoary.

Knwouoei cnosa: npupoiHi EONITH, KUCIOTHI IEHTPH, S-TiapokcuMeTHAPypdypos, KOHBEPCis TIIIOKO3U
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