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CONVERSION OF C4-FRACTION OF LIQUEFIED PETROLEUM GAS ON ZEOLITE-
CONTAINING CATALYST MODIFIED WITH CHROMIUM AND PHOSPHORUS

Abstract: A zeolite-containing catalyst modified with chromium and phosphorus additives has been
developed. The technological conditions of its optimal activity in the dehydrogenation reaction and
oligomerization of the C4 fraction of liquefied petroleum gas to produce gasoline components are determined.

A study of the physicochemical properties of a 5% Cr/Al,Os+ HZSM catalyst promoted with 5%
phosphoric acid was carried out. The structure of the catalyst was studied by electron microscopy in
combination with microdiffraction. The reflections of HZSM and Al,O3 were detected using the X-ray diffraction
method. It was also shown by the EPR method that the PFK-9 catalyst is characterized by a narrow singlet
symmetrical EPR signal with a g-factor of 1.96 and a width AH=60 Gauss against the background of a broad
signal with AH=1000 Gauss. The narrow EPR signal is due to Cr5* ions in the matrix and HZSM zeolite. The
intensity of the Cr5+ signal in the PFK-9 catalyst is 205 conventional units. The specific surface area of the
catalyst is 176,5 m2/g, the pore volume is 0,137 ml/g.

The catalyst at contact with Cys-alkanes (400-600°C, P=0,1 MPa) makes dehydrogenation with
reception olefins with the subsequent them oligomerisetion. A study of the conversion of the C4fraction of LPG
on the PFK-9 catalyst was also carried out in the presence of water vapor.

The yield of Cs-C10-hydrocarbons depending on technological conditions fluctuates within 40-50%, at
the degree of conversion raw material 80-90%.

Key words: dehydrogenation, alkanes, oligomerization, olefins, zeolite-containing catalyst, chromium,
phosphorus.

Introduction

Despite the anticipated rapid growth of renewable energy, it is projected that fossil fuels will
continue to dominate the energy landscape until at least 2050 [1]. This persistence is attributed to
the increasing global demand for energy, the superior energy intensity and reliability of fossil fuels,
and the formidable challenges associated with replacing them on a large scale. The Republic of
Kazakhstan possesses substantial reserves of light hydrocarbons, including oil, gas condensate,
and natural and associated petroleum gases. However, a challenge arises as total hydrocarbon
reserves decrease, leading to an imbalance between oil production and the processing of associated
petroleum gases. This imbalance results in an increased annual flaring of these associated gases.
Additionally, a considerable portion of light gases is currently used inefficiently as technological and
household fuel, causing significant environmental harm. Simultaneously, in the current stage of
development, there is a consistent rise in the consumption of motor fuels, accompanied by stricter
requirements for their operational and environmental characteristics.

Associated, waste and natural gases are more cheap energy resources compared to oil and
coal. In the production of unleaded gasoline there is a constant tendency to increase octane
numbers, which can be achieved by increasing the content of olefins (up to 15-18%), isoalkanes and
aromatic compounds (up to 30%), including benzene (0,8-1,0%). One of the important directions of
high-octane gasoline production is alkylates synthesis by isobutane alkylation with industrial butane-
butylene fraction, which is a waste gas of oil cracking. However, the existing industrial alkylation
technologies are based on the use of toxic liquid catalysts (H.SO4, HF, etc.). Given these
circumstances, the rational utilization of natural and associated petroleum gas, along with waste
gases from oil refining and petrochemical production, emerges as a paramount objective for the oll
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and gas complex of the Republic of Kazakhstan [2]. This approach is essential to address
environmental concerns, optimize resource usage, and meet the evolving demands for high-
performance motor fuels. Therefore, development of solid acidic heterogeneous catalysts operating
in stationary flow-through units is an important challenge.

In [3] the study of the effectiveness of the CaLaHPtX catalyst derived from molded NaX
zeolite in alkylation of isobutane with butylenes was conducted. The catalyst showed stable
performance for at least 24 hours, achieving impressive conversion of butylenes (97,1 wt.%) and
alkylate yield of 94,1 wt.%, with high selectivity (76,4 wt.%) towards trimethylpentanes.

The hierarchically porous BEA zeolite, featuring trimodal micro-/meso-/macroporosity,
synthesized in [4], demonstrated significantly enhanced alkylation selectivity towards
trimethylpentanes and an extended lifetime. The authors explain such remarkable catalytic
properties by highly interconnected secondary macro- and mesoporous structures, which promote
movement of hydride donors and alkylation products to the micropores of zeolite or from them.

Bimolecular alkylation reactions in the presence of strong Brgnsted acid centers (BACSs)
proceed according to the mechanism based on the carbocation theory by generation of primary
active particles and development of initial C4-hydrocarbons transformation [5, 6].

Another way to produce motor fuel components from light hydrocarbons is the oligomerization
process, which also makes it possible to simultaneously obtain olefins when processing natural gas.
In industry, butene oligomerization is carried out on silicon-phosphate catalysts [7, 8].

Among the catalysts considered as promising systems are zeolites [9-11]. Catalysts prepared
by base-acid treatment modification of commercially available ZSM-5 demonstrate improved
performance characteristics: butenes conversion rate of up to 86%, space-time yield of 852
mg/g(cat)-h, and a diesel to naphtha cuts mass ratio of 2,2 [11].

The impact of process conditions on H-ZSM-5 zeolite catalyst performance in 1-butene
oligomerization reaction at ambient pressure was explored [12]. The study reveals that higher
temperatures, partial pressures, and contact times enhance catalyst activity, with increased partial
pressure improving selectivity to dimers (Cs-hydrocarbons). The selectivity to Cs-hydrocarbons is
maximal at 200°C and 50 kPa partial pressure, with a decreased contact time. At higher
temperatures, the decrease in selectivity is linked to the prevalence of cracking reactions, resulting
in lighter olefins (Cs-C11). The major component is the dimer (42 wt.%) with approximately 40 wt.%
of various side products. Catalyst deactivation due to coke formation is directly correlated with
operating temperature.

High-silica zeolites modified with metals exhibit bifunctional properties, in which the metal or
metal oxide has dehydrogenation activity [12-16]. The development and synthesis of a polyfunctional
solid acid catalyst, that allows the dehydrogenation and isomerization reactions of alkanes with their
subsequent oligomerization into higher molecular weight hydrocarbons in a single pass of feedstock,
is of the greatest interest.

A series of hierarchical HZSM-5 zeolite catalysts, prepared by treating HZSM-5 with LiOH,
NaOH, KOH, and CsOH aqueous solutions at the same concentration [17], were tested for butene
oligomerization, demonstrating greater resistance to deactivation through pore blockage compared
to commercial ZSM-5 catalyst. The CsOH-treated hierarchical HZSM-5 catalyst exhibited suitable
acidity, higher molar ratio of Lewis to Bronsted acid sites, interconnected open-mesopores, and a
smaller crystal size, resulting in enhanced catalytic activity and stability due to shorter diffusion paths.
The HZSM-5 catalysts treated with CsOH aqueous solution, with optimal characteristics, prolonged
the catalyst lifetime for butene oligomerization. It achieved approximately 92% butene conversion
and 85% selectivity to Cg-hydrocrbon within 12 hours.

Oligomerization of C3 and C, olefins into gasoline products using phosphorus-treated MTW
zeolite-based catalysts was studied [18]. Modification of the binding matrix during phosphorus
treatment resulted in a notable reduction in catalyst surface area and pore volume, although the
crystallinity of MTW remained unaffected. The increase in phosphorus content substantially
diminishes the Bronsted acidity of the catalyst. The augmentation of phosphorus content in
MTW/AI,O3 catalysts lead to a decrease in the production of liquid products heavier than gasoline.
The 10% HsPO. catalyst displayed selectivity for triisobutylenes of nearly 50%.

The purpose of the present work is development of solid acid catalysts for oligomerization of
Cs-alkenes into high molecular weight liquid hydrocarbons and motor fuel components.
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Methods

The catalyst 5% Cr/ Al,Os + 30% HZSM was prepared by impregnation of Al,O3;+HZSM
mixture with aqueous solution of Cr(NO3)3*9H20 salt while heating on a water bath with constant
stirring to form a dough-like mass, which was then molded into granules (D=2.0-2.5 mm), dried and
calcined at 200-400°C (1 h) and 500°C (5 h). To increase the acidic properties of the catalyst, the
granules were impregnated with 5% aqueous solution of phosphoric acid under stirring, dried and
treated with air at 500°C. Prior to the experiment, the PFC-9 catalyst was treated with air at 550°C
(3 h) in a flow-through reactor.

Structure and composition of catalyst was studied by electron microscopy in combination with
microdiffraction, extended X-ray absorption fine structure (EXAFS), electron paramagnetic
resonance (EPR), and X-ray fluorescence analysis (XRF) methods.

The composition of feedstock and reaction products were analyzed by "Gas-Chromium 3101"
chromatographs with molecular sieve CaX, LHM-8D, and y-aluminum oxide (Supelco) columns. Cs-
fraction of liquefied petroleum gas (LPG) was used as feedstock. The composition of Cs-fraction was
the following: isobutane — 56,0%, butane — 39,6%, propane — 2,8%, isobutylene — 0,9%, butylene —
0,7%.

The conversion of C4-alkanes was studied varying the temperature in the range of 400-600°C
(P=0.1 MPa). The volumetric feed rate (V) was varied from 70 to 200 h.

Results and Discussion

The Cs-fraction conversion rate over PFC-9 catalyst increases from 19,4 to 86,4% with
temperature rise from 400 to 600°C (V=70 ht). C,-Cs-olefins (3,4-14,4%), H, (1,0-10,2%), methane
and ethane (0,4-6,6%) are detected in the reaction products (Table 1).

Table 1 — Effect of temperature on conversion of Cs-fraction of LPG on PFC-9 catalyst (V=70

h?t)
indicators Temperature, °C

400 450 500 550 600
Conversion, % wt. 19,4 25,5 429 74,7 86,4

Product yield, % wt.:
Cs-Cio- hydrocarbons 1,9 1,7 1,8 29,2 50,6
C2-Cs- olefins 3,4 7.3 12,0 14,9 14,4
hydrogen 1,0 3,6 5,2 9,0 10,2
C1-C»- alkanes 0,4 1,7 3,2 5,9 6,6

The presence of Cs-Cio-hydrocarbons are determined in the liquid products mixture, content
of Cs-Cio-hydrocarbons increases from 1.9 to 50,6% at the transition from 400 to 600°C. High-
molecular-weight hydrocarbons consist of n-alkanes (pentane, nonane, decane), isoalkanes (Cs, Cs,
Co), olefins (isobutene, butene, isopentene); their yields are 27,0, 23,2, and 5,0%, respectively.

The Cs-Cio-hydrocarbons, formed during oligomerization, are components of gasoline. The
productivity of PFC-9 catalyst in terms of liquid phase yield at the maximum is 40 g/l cat.-h (600°C,
V=70 h?).

Figure 1 shows the results obtained during the conversion of Cs-fraction (V=100 h™) on 5%
Cr/Al,03+30% HZSM catalyst promoted with 5% HsPO,4 (PFC-9). As temperature rises (V=100 h?)
the feedstock conversion increases from 16,2 (400°C) to 80,1% (600°C), the yield of C»-Cs-olefins
and H; at 600°C is 14,1 and 14,5%, respectively. Maximum yield of Cs-Cio liquid hydrocarbons is
observed at 600°C with prevalence of octane, isononane, isodecane, and decane. The productivity
on Cs-Cio-hydrocarbons is 50 g/l cat.h. It is likely that oligomerization proceeds not only with the
participation of olefins, but also their precursors - alkyl surface adsorbed structures, the formation of
which follows the mechanism [9]:

CsHio + 2Z — ZC4Ho + ZHags,
ZC4Ho + ZC4Hg — ZCsH1s,
ZC4Ho + Z — ZC4Hsg + ZHags,
ZHads + ZHags — 2Z + H2,
where Z is the active center.
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The mechanism of isobutane dehydrogenation was determined using deuterium [9]. The first
stage is the detachment of the hydrogen atom from the adsorbed molecule. Formation of semi
hydrogenated form is a slow process, while the detachment of the second hydrogen atom and
desorption of isobutylene go faster. It was found by EXAFS method that metal particles localize on
zeolite near Bronsted acid centers [10]. Alkyl structures, especially at high contact time, can migrate
from Cr"— centers to nearby acid centers and dimerize to form octane or isooctane, which is
confirmed by the presence of 9.7% isooctane in the reaction products (V = 70 h, 600°C).
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Fig. 1 — Effect of temperature on the degree of conversion of LPG Cs-fraction (1),
yield of C,-Cs-olefins (2) and hydrogen (3) over PFC-9 catalyst
in the absence of water vapor (V = 100 h?).

As the feedstock flow rate increases att = 550°C, the conversion rate of the C4-fraction varies
in the range of 74.7-84.6% (Table 2). The yield of C,-Cs-olefins varies extremely, the maximum yield
of 17.0% is observed at V =100 h* which then declines to 12.5%. When the flow rate rises, the share
of olefins in the oligomerization reaction increases, which leads to a decrease in their yield from 17.0
to 12.5% and an increase in the degree of Cs-Cio-hydrocarbons formation from 24.3 to 43.1-48.4%
(see Table 2). Under these conditions, the migration of the half-hydrogenated form adsorbed on the
Cr™— centers to the acid centers is probably a slow stage, and the dehydrogenation process to form
olefins predominates. The dimerization of pentene on the acid centers produces the decane, which
is found in the product mixture, whereas nonane appears as a result of possible interaction between
pentene and butene, although there are conditions for C,-Cs- olefins participation in reaction. Narrow
EPR signal characteristic to chromium (V) bound to the zeolite framework and aluminum oxide was
detected by EPR method. The combination of metal and acidic centers facilitates sequential
dehydrogenation to form olefins or precursors and their oligomerization [14].

Table 2 — Dependence of Cs-fraction conversion degree over PFC-9 catalyst and yield of
reaction products on feedstock flow rate at 550°C

Indicators Feed rate, h™

70 100 150 200

Caconversion, % wt. 74,7 61,3 85,6 84,6
Product yield, % wt:

C>-Cs- olefins 14,9 17,0 12,2 12,5

Cs-Cio- hydrocarbons 29,2 24,3 48,4 431

hydrogen 9,0 91 8,2 9,1

C1-C»>- alkanes 5,9 5,4 3,6 2,8

According to literature data [5,11,12], when the catalyst is promoted with phosphoric acid, P-
OH centers are formed on the surface of the matrix (Al.O3) and zeolite HZSM, which are manifested
by an absorption band at 3670 cm™ in the IR spectrum. Phosphorus atoms with acidic oxygen atoms
create a four-coordinated state, which underlies the strong Bronsted acid centers active in the
reaction of olefins and their precursors oligomerization.
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It should be noted that the formed liquid products mainly consist of high-molecular-weight Cs-
Cio- hydrocarbons. The vyields of hydrogen and C;-C,-alkanes as a result of cracking by >C-H and
>C-C< bonds, are ~9.0-9.1 and 5.9-2.8% respectively (V = 70-200 h?). Evidence for the appearance
of strong acid centers was obtained by studying the structure of PFC-9 catalyst. Two structures:
AIPO. (JCPDS, 20-45) and AIPO., (JCPDS, 31-29) were detected by electron microscopy and
microdiffraction methods, the presence of these structures indicates the interaction of H;PO, with
Al,Oz and zeolite [14].

The study of Cs-fraction of LPG conversion over PFC-9 catalyst was also carried out in the
presence of water vapor. Fig. 2 shows that the degree of conversion of Cs-alkanes varies within
75.8-88.5% when the feed rate increases from 70 to 200 h. Liquid and gaseous carbohydrates were
found in the reaction products at 550°C, H: yield varies extremely from 9.1 to 4.6% with increasing
feed rate, maximum of ~12.1% is observed at V=150 h. Olefins formation tends to increase with
rising feed rate of Cs-alkanes, and at V = 200 h their yield is 23.8%. Under these conditions (t =
550°C, Ph20 = 150 mm Hg), the yield of liquid Cs-Cio-hydrocarbons, the formation of which is limited
by contact time of raw materials with the surface of catalyst, sharply decreases to 11.9%. The
maximum oligomer yield is 41.5% at V = 100 h. Drop in the degree of olefins and their precursors
oligomerization is explained by competitive adsorption of water molecules on acid centers and by
migration rate of olefins from Cr™-centers to Bronsted acid centers. This is confirmed by the increase
in olefin yield up to 23.8% with increasing feed rate. The content of individual olefins at 600°C falls
in the line: propene (10.3%) > ethylene (7.9%) > isobutene (5.0%) > butene (2.4%). Isopentene was
found in the product mixture in temperature range 450-550°C (0.7-1.4%).

It is known [13] that in the presence of water vapor, which is heat carrier, adsorption of H,O
molecules occurs mainly on the acid centers of the matrix and zeolite, formation of chromium oxide-
H>0O bond is not excluded. It follows from the results obtained during the Cys-alkanes conversion at
the feed rate of 200 h?, that the reduction of the contact time between feed and catalyst surface and
the presence of H2O4q4s inhibit alkyl intermediates and olefins dimerization and trimerization, the yield
of liquid hydrocarbons decreases to 13.6% (see Fig. 2).
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Fig. 2 — Effect of feed rate on the degree of Cs-alkanes conversion (1) and yield of C,-Cs-olefins
(2), Cs-Cio-hydrocarbons (3), hydrogen (4) and C;-C»-alkanes (5) over PFC-9 catalyst at 550°C in
the presence of water vapor (Pr2o = 150 mm Hg).

Physical-chemical properties of 5% Cr/Al,Os+ HZSM catalyst promoted with 5% phosphoric
acid (PFC-9) were investigated. The refleves of HZSM and Al;Os; were detected by XRF analysis
method. The structure of HZSM is represe 4ed by reflexes: 11.0A; 9.8A; 3.83A; 3.7A; 3.6A, and that
of Al,Oz by 1.98A; 2.48A; 1.40A. The structural elements related to Cr and P are characterized by
low intensity, which indicates their high dispersity.

It was shown by EPR method that the PFC-9 catalyst is characterized by a narrow singlet
symmetric EPR signal with g-factor of 1.96 and width of AN=60 Gauss against the background of a
broad signal with AN=1000 Gauss. The narrow EPR signal is due to Cr®* ions in the matrix and in
HZSM zeolite. The intensity of the Cr®* signal in the PFC-9 catalyst is 205 units. Phosphoric acid
modification reduces the intensity of the Cr>* signal.

The catalyst’s specific surface area is 176.5 m?/g and the pore volume is 0.137 mL/g.
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The presence of an extensive cluster of dense particles of ~80 A size on the zeolite surface
is determined (Fig. 3 a). The microdiffraction pattern is represented by a large set of rings and
reflections and can be assigned to the phases: Cr.Os; (JCPDS, 6-564); SiP.O; (JCPDS, 22-1274);
AIPO,4 (JCPDS, 20-45) and CrO(OH) (JCPDS, 9-331).

Fig. 3 — Electron microscopic images of PFC-9 catalyst: a — cluster of dense patrticles;
b — aggregate of dense crystals with rectangular faceting motif;
¢ — aggregate of dense crystals with hexagonal faceting motif

Fig. 3b presents a 1000-3500 A aggregate of dense crystals with signs of a rectangular
faceting motif. Its microdiffraction pattern is represented by rows of reflexes and can be attributed to
a mixture of phases: CrO; (JCPDS, 9-332); CrP (JCPDS, 29-456); CrsSi (JCPDS, 7-186) and
CrO(OH) (JCPDS, 9-331). Formation of CrsSi structure indicates the entry of chromium into the
zeolite framework, where it stabilizes in the zeolite structure as ions and has off-lattice ligands [14].
The narrow EPR signal indicates the entry of Cr* ions into the HZSM zeolite structure, which agrees
with the data of [15].

Fig. 3c shows a small 1000 A aggregate of dense crystals with evidence of a hexagonal
faceting motif. The microdiffraction pattern is represented by reflexes that can be attributed to AIPO4
(JCPDS, 31-29). The formation of two AIPO, structures indicates the interaction of phosphoric acid
with Al,O3 (matrix) and aluminum included in the crystal structure of zeolite.

Conclusion

The solid acid catalyst PFC-9 (5% Cr/Al,Os+ HZSM catalyst promoted with 5% H3;PO.) has
been developed, its structure and physical-chemical properties were studied. The catalyst’s specific
surface area is 176.5 m?/g and the pore volume is 0.137 mL/g. Evidence for the appearance of strong
acid centers was obtained by studying the structure of PFC-9 catalyst. An extensive cluster of dense
particles of ~80 A size, 1000-3500 A aggregate of dense crystals with signs of a rectangular faceting
motif and small 1000 A aggregate of dense crystals with evidence of a hexagonal faceting motif are
determined on the zeolite surface. It was established that Cr®* ions entered into the HZSM zeolite
structure, and that phosphoric acid interacted with Al,Os; (matrix) and aluminum included in the
crystal structure of zeolite.

Conditions of optimal activity of PFC-9 in dehydrogenation and oligomerization of Cs-fraction
of liquefied petroleum gas to produce gasoline components have been determined. The Ca-fraction
conversion rate over PFC-9 catalyst and the content of Cs-Cio-hydrocarbons increase with
temperature and are maximal at 600°C: 86.4% and 50.6% respectively. The productivity of PFC-9
catalyst in terms of liquid phase yield at the maximum is 40 g/l cat."h (600°C, V=70 h). The results
obtained during the conversion of Cs-fraction (V=100 h?') on PFC-9 catalyst show that as
temperature rises (V=100 h?') the feedstock conversion increases from 16.2 (400°C) to 80.1%
(600°C), the yield of C,-Cs-olefins and H, at 600°C is 14.1 and 14.5%, respectively. Maximum vyield
of Cs-Cioliquid hydrocarbons is observed at 600°C with prevalence of octane, isononane, isodecane,
and decane. The productivity on Cs-Cio-hydrocarbons is 50 g/l cat. h.

The effect of feedstock flow rate on reaction over catalyst was studied. The conversion rate
of the Cs-fraction varies in the range of 74.7-84.6%. When the flow rate rises, the share of olefins in
the oligomerization reaction increases, which leads to a decrease in their yield from 17.0 to 12.5%
and an increase in the degree of Cs-Cio-hydrocarbons formation from 24.3 to 43.1-48.4%. It was
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determined that the formed liquid products mainly consist of high-molecular-weight Cg-Cio-
hydrocarbons. The yields of hydrogen and C;-C,-alkanes as a result of cracking by >C-H and >C-
C< bonds, are ~9.0-9.1 and 5.9-2.8% respectively (V = 70-200 h%).

The degree of conversion of Cs-alkanes in the presence of water vapor varies within 75.8-
88.5% when the feed rate increases from 70 to 200 h. The reduction of the contact time between
feed and catalyst surface at the feed rate of 200 h! and the presence of H2Oags inhibit alkyl
intermediates and olefins dimerization and trimerization, the yield of liquid hydrocarbons decreases
to 13.6%.
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NMPEBPALLEHUE C4-®PAKLUMU CKMXKEHHOIO HE®TAHOIO rA3A HA LLEOJIUTCOAEPXALLUEM
KATANU3ATOPE, MOOUPULIMPOBAHHOM XPOMOM U $OCPOPOM

PaspabomaH ueonumcodepxawuli kamasnusamop, MoouguuyuposaHHbIli 0obaskamu xpoma U
gocpopa. OnpedeneHbl MEXHOMO2UYECKUE yCo8US €20 OonmuMasrbHOU akmueHocmu 8 peakyuu
OeauldpuposaHuss u osniuzomepusayuu Cs-bpakyuu CXKUXKEHHO20 HegmsHo20 2a3a C  [osyYeHUem
KOMMoHeHmog 6eH3uHa.

[MposedeHo uccrnedosaHue u3suko-xumudeckux ceoticme 5% Cr/Al,Os+ HZSM kamanuszamopa,
npomMomupogaHHo2o 5%-U ¢hocghopHol Kucrnomodl. OneKmpPOHHO-MUKPOCKOMUYECKU 8 co4YemaHuu C
Mukpooughpakuuell uccriedosaHa cmpykmypa kKamanudamopa. Memodom P®A ©6binu 0b6HapyXeHbl
pecpniekcel HZSM u ALOs. Takke memodom OFIP 6bi10 nokaszaHo, 4mo kamanuszamop [1OK-9
Xapakmepusyemcsi y3KUM CUHaIIemHbIM cummempuydHbiM 3lNP-cuzHanom ¢ g-gpakmopom 1,96 u wupuHot
AH=60 lNaycc Ha ¢hboHe wupokoeo cueHana ¢ AH=1000 laycc. Y3kuti 3l1P-cueHan obycnoeneH uoHamu Cr>*
8 mMampuue u yeonume HZSM. VMinmeHcusHocmb cuzHana Cr®* e kamanusamope [N®K-9 cocmaensem
205 ycn.e0. YoernbHas nogepxHocme Kamarnuzamopa pasHa 176,5 m%/2, o6vem nop — 0,137 mn/e.

Kamanusamop npu koHmakme ¢ Cs-ankaHamu (400-600°C, P=0,1 Mrlla) nposodum dezaudpuposaHue
C rnosny4deHuem onepuHos ¢ nocnedyrouwel ux onuzomepulayuel. ccnedosaHue npespawieHusi Ca-cbpakyuu
CHI" Ha kamanu3zamope [N®K-9 6bino makxe npogedeHo 8 npucymcmeuu napos8 800kl. Bbixod Cs-Cio-
yar1eeo00po008 8 3aguUcCUMOCMU OmM MEXHO/I02UYeCKUX ycrosuli konebnemcsi e npedenax 40-50% npu
cmeneHu npespaweHus coipbs 80-90%.

Knroyeenie cnoea: deaudpuposaHue, ankaHbl, ofiugoMepulsayus, oneguHsl, yeosumcodepxxawjud
Kamanu3samop, Xpom, ghocghop.
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XPOM XOHE ®OC®OPMEH MOAU®PULINPIIEHTEH LLIEONIUTKYPAMbI KATAJIU3ATOPA
CY¥UbITbINFAH M¥HAU T'A3blHbIH C;-®PAKLUACDBIHbIH ©3IEPICKE ¥LUbIPAYbDI

Xpom XxoHe c¢hbocghopmeH MmoOuhuyUpIEHa2eH, ueonum KypamObl kKamasudamop O0alibiHdanobl.
GeH3uH komnoHeHmMmepiH anymeH bipae cylbinmbiiraH MyHal 2a3bi C4-gbpakyusiCbiHbIH CymeKci30eHy XoHe
onueomeprieHy peakuusnapbiHOa kamanusdamopdbiH muimOi 6enceHOiniaiHiH mexHono2usinblK wapmmapsbl
aHbIKmarnosbl.

5% Cr/AI203+HZSM xoHe 5%-mi ¢hocchop KbiWKbIIbIMEH MPOMOMOpPIaHFraH Kamanu3amoprapobiH
busuKasbIK-XUMUSITIbIK KacuemmepiHe 3epmmeyrnep Xxypeisdindi. Mukpodughpakyusira calikec 351eKmMpPOHObI-
MUKPOCKOMUSINbIK 8dicrieH kamasnu3amopObiH KypbibiMbl 3epmmendi. POT adiciveH HZSM xoHe Al203
pechbriekcmepiriH 6ap ekeHdiai aHbikmanobl. CoHbimMeH Kamap N®K-9 kamanusamopsl AH=1000 keH cueHan
atimarbiHOa g-cghakmopsbi 1,96 xoHe eHi AH=60 aycc map cuHanem cummempusisibi OP cuzHanbIMeH
cunammaisnamsiHbl 3P adicimeH kepcemindi. Tap 3lNP cueHansl mampuuadarbi Cr 5+ uoHOapbiHa XeHe
HZSM ueonumine 6adtinaHbicmsi 6onadsl. N®K — 9 kamanuzamopbiHOarbl Cre* KapkbiHOambiny cueHarsl 205
w.6. meH 60n10b1. KamanusamopObiH MeHwikmi 6emi — 176,5 m%/2, caHbinay kenemi — 0,137 mrn/e meH.

Kamanusamop Cys-ankaHdapmeH opekemmecy KesiHOe (400-600°C, P=0,1 Mlla) onegpuHdep
my3inemiH cymekcizdeHy peaKkUusicbl Xypir, on api Kapal onusomeprieHy peakuyusickiHa emedi. NPK-9
kamanu3samopbiHOa CMI-HbiH Ca- ¢hpaKUusiCbiHbIH 632epicKe ywbipaybl cy 6ybiHbIH KambICbIHOa Xypai3indi.
TexHonoeusinbiKk wapmmaprsa balinaHbicmsl Cs-Cio-KeMipCymeKkmepiHiH wbifbiMbl  wukidammeiq 80-90%
e3zepicke yuwbipay depexeciHoe wamameH 40-50% apanbifbiHOa 6051a0bI.
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Kamarnu3samop, Xpom, ¢gpbocghop.
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OCOBEHHOCTU XUMUYECKOI'O COCTABA U MNOJTYYEHUA CAMNPOMNENA 3BTPO®PHbIX
O3EP CEBEPO-KA3AXCTAHCKOW OBJIACTHU

AHHOMauust. [JoHHble omroxeHusi 3s8mpogHbIx 03ep Ceesepo-KazaxcmaHckol obnacmu
omJiu4yaromcs Hanu4uem carnporiesisi, Komopbil MOXem Halmu rMpuMeHeHuUe 8 CceslbCKoOM xoastcmee. [ns
co30aHus aghekmueHoOU mexHooz2uu nepepabomku canpornenel HeobxoOumMo 3Hamb 0CObeHHOCMU UX
XUMUYECKO20 cocmaea, KOmopbil 8 KOHEYHOM umoee 8/Uusiem Ha roka3amesu rnocesHbIX Kayecme ceMsiH
Kynbmyp. B cmambe Ha 0CHO8e U3y4YeHUsI XUMUYECKO20 cocmaea OOHHLIX OMIIOoXeHUl mpex 38MmpoghHbIX
03ep 8biderieH Cbipbe8oll UCMOYHUK MOS1yYeHUs carnponesisi ¢ onmumMasibHbIM 0P2aHUYECKUM U MUHEpPabHbIM
cocmasom. [NpednoxeH crocob nepepabomku OOHHbIX omiioxeHul. [NonydeHHbIl canpornenesabil npodykm
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