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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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CONTINUOUS HYDROGENATION OF BENZENE
ON PROMOTED SKELETARY NICKEL CATALYSTS

Abstract. The aim of this work is to study the physicochemical properties of skeletal nickel catalysts modified
by ferroalloys, and to develop a technology for the continuous hydrogenation of benzene. A series of new samples of
modified alloyed alumina-nickel catalysts for hydrogenation of benzene to cyclohexane synthesized. Their phase and
granulometric compositions, the porous structure of the skeletal nickel catalysts promoted by ferroalloys are studied.
Highly active stationary alloy alumina-nickel catalysts with additives as modifiers, technologies for their preparation
and activation is developed. The optimal conditions for the process of continuous hydrogenation of benzene under
hydrogen pressure are determined. A method developed for the preparation of cyclohexane in the presence of nickel
catalysts promoted by ferroalloys, which ensures a high total yield of the desired product.

Keywords: benzol, promoted nickel catalysts, phase composition of the catalyst, porous structure, granulo-
metric composition, cyclohexane, continuous hydrogenation.

Introduction. One of the promising areas of chemical processing of aromatic compounds, which is
catalytic hydrogenation, the synthesis products of this process are in great demand in the pharmaceutical,
chemical, petrochemical, medicine and other industries. Currently, the world production of caprolactam
the volume of production, as well as improving the synthesis of intermediates for the production of
various synthetic fibers and resins are very relevant.It is also known [1, 2] that the problem of reducing the
content of aromatic hydrocarbons in motor fuels can be solved in many ways, including derivation by
adsorption or extraction, and by conversion to other, less harmful compounds.An effective method of
improving the operational properties of fuels, in particular gasoline, is their de-aromatization, which
consists in the process of hydrogenation of aromatic hydrocarbons in the presence of catalysts. Aromatic
hydrocarbons, especially polycyclic, contribute to the formation of carbon deposits in internal combustion
engines, which in turn leads to an increase in the NO, content of the exhaust gases. In the Republic of
Kazakhstan, there are practically no processes for the de-aromatization of light fractions of oil. The reason
for this are, firstly, low productivity and a short service life of industrial catalysts used, and secondly, an
inadequate range of industrially important contacts and technologies. Catalytic reduction of benzene
shows great practical importance, since reaction products have long attracted the attention of researchers
as the starting objects for the synthesis of new compounds. Cyclohexane, obtained by catalytic
hydrogenation of benzene used for the production of caprolactam, adipic acid and hexamethylenediamine,
i.e. is a raw material for the production of synthetic fibers, as well as various resins.Thus, cyclohexane,
obtained from local raw materials, creates the opportunity of import substitution in industry, and the
products obtained during its processing open up new prospects for the domestic production of synthetic
fibers and resins.

— 84 ——
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A review of the principle technological schemes of hydrogenation of benzene [3-7] shows that in
many cases hydrogenation is carried out in the vapor phase at temperatures of 250-325°C and a hydrogen
pressure of 10.0-27.0MPa. Platinumoids also used as catalysts. Naturally, under these conditions,
isomerization and cleavage products observed in the catalyst, which reduces the quality of the desired
product, cyclohexane.

New methods for increasing the activity, stability and mechanical strength of nickel catalysts, adding
additives of other metals into the alloy, discovered at the time of their preparation [8-11]. As a result,
effective catalysts found to accelerate the hydrogenation reaction of benzene. Hydrogenation of aromatic
hydrocarbons carried out in the reactor with a periodic effect at the temperature range 20-200°C and
hydrogen pressure 0.1-15.0MPa.

On an industrial scale, co-precipitated copper-chromite oxide catalysts also found wide application in
the production of cyclohexane [12, 13], although they are not devoid of significant disadvantages in
catalytic and operational properties in hydrogenation processes. In connection with these, the researchers
proposed numerous modified Ni, Cu, Co-alloy catalysts [14-18], which have not yet acquired industrial
application in these industries. Therefore, it is important to improve these catalysts by modifying them, in
order further improve their selectivity, operational and catalytic properties in the hydrogenation of
aromatic hydrocarbons in the liquid phase.

Methods. The main reactor is a high-pressure flow column. The process is carried out at the
temperature range 473-523°K and hydrogen pressures at 10.0-27.0MPa. In the course of the studies, the
solution of the unsaturated compound injected at a hydrogen module of 10 and the feed rate of the starting
materials is 200-250 ml/h. Initial alloys were prepared according to known technology in a high-frequency
melting furnace. The specificity of the preparation of the Ni-Al system is the possibility of using alumino-
thermy in various furnaces. The temperature of the molten aluminum adjusted to 1000°C. When the
exothermic reaction (aluminothermy) between nickel (ornickel oxide) and aluminum, the melt temperature
increases to 1800°C.During the experiments, 100 g of skeletal catalyst with linear dimensions of 3-5 mm
are loaded into the column and the leaching process carried out with a solution of NaOH in the reactor.
Initially, up to 10% of aluminum removed, after the catalyst rinsed for several hours with distilled water at
a high water feed rate and several hours at low.

Activation of the catalyst was carried out directly in the reactor itself. In this case, a granular alloy
with linear dimensions of 2-4 mm (100 g) was placed in a special glass attached to the bottom of the reac-
tor and the leaching was carried out with a 10% aqueous solution of sodium hydroxide.

During the leaching with the help of a dosing pump NDV-1000, the reactor initially filled with
distilled water, and then an alkali solution fed from the "measuring tank". The degree of aluminum
removal controlled by the evolution of hydrogen, the amount of which changed by the gas counter of the
GSB-400.After the calculated amount of hydrogen was isolated to the leached catalyst, water supplied
from the "measuring tank" to stop the leaching process and wash the catalyst from alkali residues to pH-7.
The amount of aluminum removed from the consistency was about 10-15%.

Results and discussion. In this paper, we present the results of a study of the hydrogenation of ben-
zene to cyclohexane on promoted skeletal nickel catalysts modified with ferroalloys (ferroalloys) (ferro-
manganese), ferrochrome silicon (FCS), and calcium ferosilicone (CFES).

The granulometric composition of skeleton nickel catalysts with addition of FSH, FSK and ferro-
alloys studied. The data of microscopic and electron microscopic examination of the granulometric com-
position of skeleton nickel catalysts are given in table 1. All the catalysts are dominated by particles with
R = 0-2 pm, which concentration reaches 75-89%. Table 1 shows that, as the amount of additives in alloys
increases from 3 to 9% by weight, the concentration of particles with R = 0-2 pm in different catalysts
decreases within the limits of 89-75% depending on the nature of the alloying metals. In addition, the
modifying additives also increase the concentration of particles with R=2-4um. The results of optical
microscopy show that practically all the investigated skeletal nickel catalysts are enriched by 90-99%
particles with Ry,x= 1-5 pm.

The results of the granulometric analysis using optical microscopy and electron microscopy confirm
the enrichment of skeleton nickel catalysts with particles with R,,x = 1 pm. Modifying metals increase the
proportion of particles with a size of 0-6um.
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Table 1 — Results of microscopic and electron microscopic examination of skeleton nickel catalysts

Distribution of particles of % on the sizes R, microns
Catalyst
0-2 2-4 4-6 6-8 >8 Ts
Ni (50%Al) 77 8 6 2 7 0.12
Ni-3-10% FaTi 78 8 8 4 2 0.45
Ni-3-10% FaMo 85 6 5 2 1 0.35
Ni-3-10% FaCr 83 6 6 3 1 0.36

We studied [2] the porous structure of skeletal nickel catalysts with additives of ferroalloys. Argon
sorption isotherms show that the forms of hysteresis loops for the majority of modified nickel catalysts are
characterized by the parallel arrangement of adsorption and desorption branches in the middle region of
relative pressure and according to the de Boer classification are A type, which indicates the predominance
of cylindrical pores [3].

Table 2 shows the parameters of the porous structure of skeleton nickel (50% Al) catalysts with
addition of ferroalloys. It can be seen that modifying ferroalloys mainly increase Sggr, Scum, respectively,
to 110-130.5 and 85-98 m?/g; the volume of pores - in 1.1-1.4 times; the effective radius of the pore Rggr
is 1.06-1.5 times. A simultaneous increase in the specific surface area and in the pore volume with re-
latively high effective radii is apparently due to the dispersion of the nickel phase of the catalysts with
modifying metals.

Table 2 — Parameters of the porous structure of skeleton alumino-nickel catalysts with additives of ferroalloys

Catalyst Sri%};‘, Scnl%’;*, SBET;E‘iCUM7 100% Vﬁﬁg/lgs, é{;;f; lsc;;l;zm
Ni (50% Al) 105 75 28.5 0.105 30 A
Ni — 3-10% FaMo 110 85 22.7 0.120 34 A
Ni - 3-10% FaTi 130.5 98 24.9 0.138 36 A
Ni —3-10% FaCr 123.7 92 239 0.148 36 A
*Bayer Emmet Taylor; **cumulative; ***angstrom.

We previously determined the structure and adsorption properties of the obtained alloys and catalysts.
Further, these catalysts tested in the process of continuous hydrogenation of benzene in a column-type
flow installation. During the experiments, the alloys activated by a 10% solution of sodium hydroxide. At
the first leaching, 30% of aluminum removed, the catalyst saturation carried out in a stream of hydrogen
for 18 hours at a process temperature of 160°C and a pressure of 0.5MPa. The rate of benzene supply
varied from 60 to 120 ml/h. An increase in the hydrogen pressure from 5 to 8MPa revealed that with
increasing hydrogen pressure up to 6MPa, the degree of conversion of benzene increases, and further
increase in pressure does not affect the activity of the catalyst.

Table 4 shows that stationary ferroalloy catalysts exhibit absolute cyclohexane activity and their
activity is higher than that of the industrial nickel-titanium catalyst. The values of the contact loads,
annealed by 30% in aluminum Ni- FaMo catalysts at 120 °© C and 10MPa, reach respectively 0.70 h-1,
which is 2.3 times higher than that of industrial nickel-titanium contacts. The results of the tests showed
that the Cu-Al- FaMo catalyst is 1.9 times higher in productivity, and 2.0 times higher in stability than the
industrial nickel-titanium contact.

The Ni-Al-FaMo catalyst recommended for the implementation into production of the production of
cyclohexane from benzene [3].

Thus, a systematic study of the activity of stationary catalysts with additives of ferroalloys in the
reaction of continuous catalytic hydrogenation of benzene with a wide variation in the parameters of the
process carried out.
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Table 4 — Results of continuous hydrogenation of benzene in a column-type flow installation

Catalyst T, Composition of catalyst wie! Relative duration
°C cyclohexane benzene of process
Ni -Al 90-100 78-85 15-22 0.12-0.21
110-120 81-92 8-19 0.26-0.28 210
130-140 87-98 -13 0.31-0.35
Ni -Al- CFS 110-120 94-98 2-6 0.50-0.64 254
90-100 94-97 3-6 0.42-0.63
110-120 96-99.8 0-4 0.53-0.70 410
130-140 98-99.8 0-2 0.69-0.87
Ni -Al- FSC 90-100 96-99 1-4 0.47-0.72
Ni-Al- FaMo 90-100 96-98 4-2 0.48-0.7 420
110-120 99-99.8 1-0.1 0.65-0.82
130-140 99.5-99.8 0.5-0.1 0.94-1.2
Ni-Tiindustrial 90-100 84-96 10-16 0.40-0.44
40-120 84-95 5-16 0.47-0.50 202
130-140 98-99.8 0-10 0.50-0.60

Conclusion. A series of new samples of modified alloy alumina-nickel catalysts for hydrogenation of
benzene to cyclohexane synthesized. Their phase and granulometric compositions, the porous structure of
the skeletal nickel catalysts promoted by ferroalloys studied.The kinetic regularities of the hydrogenation
process on modified nickel catalysts are established. Depending on the temperature and pressure of
hydrogen, the optimal conditions for the realization of the technological process for the synthesis of
cyclohexane are established. The promoting effects of ferroalloys (FaMo, FMo, FMnMo and FTi), on the
physicochemical and adsorption properties of alloyed alumina-nickel catalysts studied.The kinetic
regularities of the hydrogenation of benzene on samples of promoted catalysts established. It is expe-
rimentally determined that on the developed promoted skeletal catalysts, the rate of selective hydroge-
nation of benzene increased by a factor of 1.0-1.6 times, than without modifying additives. The optimal
compositions of modified alloy catalysts, the conditions for their preparation, activation and hydroge-
nation processes in their presence identified.
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BEH30J1/1bl BIHTAJTAHABIPBIJIFAH KAHKAJIbI
HUKEJIb ITATIIIAHJATKBIIITA Y3AIKCI3 THAPJIEY

AnHotanusi. JKYMBICTBIH Makcathl TeMip OaaKpIMalapbiIMeH MOAUGDUIMPICHICH KAHKAJIbl HUKENbl IIam-
HIAHAATKBIITAPABIH (DU3UKA-XUMUSUIBIK KACHETTEPIH 3epTTeY, COHBIMEH KaTap 0e30Jibl OChI INAMIIAHIATKIIITHIH
KOMeTIMeH Y3[IKCi3 THAPIEY TEeXHOJOTHACHIH Kacall MIbFapy OOJBIT TaObUTaabl. AJTIOMO-HUKEIbAi OalKbIMa IIar-
[IAHAATKBIITAPABIH MOAUMUIIMPICHICH JKaHa Cepusuiapbl OCH30J/IbI IMKIOTEKCAHFa JACHIH THApIey YIIIH CHHTE3-
nenred. OxapislH Ga3aiblK KOHE T'PAHYJIOMETPUSUIBIK KYPaMAapbl, TeMip OajIKbIMaIapbIMEH bIHTAJIAHABIPHUIFAH
KaHKaJbl HUKEIBi MIAMMIaHIATKBIITapI6IH OOpPKBUTAAK KYPBUIBIMBEI 3epTTenreH. JKorapel OENCEHIUTIKKE He CTa-
IIUOHAPIIB! OATKBIMAIBI aJTFOMO-HUKEINBI1 YCTEeMeNl MIaNIaHIaTKbIITap MOAU(UKATOp peTiHAe NalbIHAAaY TEXHOJO-
THACHI JKoHE OelceHAipinyi jkacabi meFapbuirad. CyTeri KbICHIMBI aCTBIHAA OSH30JIBI Y3IIKCi3 THAPIEY YPAiCiHIH
THIMAI IIapTTaphl aHBIKTAIFaH. MaKcaTThl ©HIMHIH KBl MIBIFBICBIH KAMTaMacChl3 €TETIH TeMip OalKbIMallapbIMEH
BIHTAJIAHIBIPBUTFAH HUKEJb/I IAIIIIAHATKBII KATICHIHAAFBI [UKIOTEKCAH/IBI Iy 9JIICI JKacal HIBIFAPbIIIBL.

Tyiiin ce3mep: OCH30J, BIHTANAHABIPBUIFAH HUKENBAl MIANIMIAHIATKBINTAP, (pa3aiblk Kypam, IIamiiaHaaT-
KBIIITH OOPKBUTIAK KYPBUIBIM, TPAHYJIOMETPIIIK KYpaM, IIUKIOTEKCaH, Y3IIKCi3 THIPILY.
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HENIPEPBIBHOE T'M/IPUPOBAHHUE BEH30JIA
HA ITIPOMOTHUPOBAHHBIX CKEJIETHBIX HUKEJIEBBIX KATAJIM3ATOPAX

Annortanus. Llenso qaHHON paOOTHI SBISETCS UCCIENOBaHNE (PU3UKO-XIMHYICCKIX CBOHCTB MOAUDUIIPOBAH-
HBIX (eppociulaBaMH CKEJIETHBIX HHKEJICBBIX KaTaJIH3aTOPOB, a TaKkkKe pa3paboTKa TEXHOJOTHH HENPEepbIBHOTO
THAPUPOBaHKA OCH3051a B UX NMPUCYTCTBUH. CHHTE3MPOBAHBI CEPHH HOBBIX 00pa3loB MOAU(PHUIIMPOBAHHBIX CIIIAB-
HBIX aJIFOMO-HHKEJIEBBIX KaTaJIN3aTOPOB IS MIPOLIECCOB TMAPHPOBaHUS OEH301a 0 IMKIIOreKcaHa. MccnenoBansl ux
(a30BbIli U TPaHyJIOMETPUUYECKUII COCTaBBI, MIOPUCTasi CTPYKTYpa pa3paboTaHHBIX POMOTHPOBAHHBIX (eppocruia-
BaMU CKCJICTHBIX HUKEJICBBIX KaTaJIU3aTOPOB. Pa3pa60TaH1)1 BbBICOKOAKTUBHBIC CTAllMOHAPHBLIC CIUIAaBHBIC aJltOMO-
HUKEJICBBIC KaTaJIN3aTOPhI C [l06aBKaMI/l B Ka4CCTBC MO[[I/I(i)l/IKaTopOB, TCXHOJIOI'MU UX NPUTOTOBJICHHUA U aKTUBallUU.
OmnpereneHbl ONTHMAIIBHBIE YCIIOBHS OCYIIECTBIEHHS MPOLEcca HENPEPhIBHOTO THAPUPOBaHUs OEH30I1a o] AaBie-
HHEM Bozoposa. Paspaboran criocod nmoydeHHs IUKIOreKcaHa, B IPUCYTCTBUH IPOMOTHPOBAHHBIX (eppocIiaBaMu
CKEJICTHBIX HUKEJIEBBIX KaTaln3aToOpOB, 00ECIEYNBAIOIINI BEICOKHI CyMMAapHBIN BBIXO]] LIEJIEBOTO MPOAYKTA.

Ki1roueBble cjioBa: OCH30JI, TPOMOTHPOBAHHBIE HUKEJEBBIE KAaTalM3aTOphl, (a30BBI COCTAB KaTalM3aTopa
MOPHCTasA CTPYKTYpa, TPaHyJIOMETPHUECKUI COCTaB, IUKIJIOT€KCaH, HEMIPEPbIBHOE THAPUPOBAHHE.
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