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INFLUENCE OF SPACE VELOCITY AND TEMPERATURE ON THE
ISOMERIZING ACTIVITY OF ZEOLITE-CONTAINING Pd- CATALYSTS
DEPOSITED ON THE PILLARED TAGAN MONTMORILLONITE

Abstract. The paper presents data on the isomerization of n-hexane on the zeolite-free and mordenite-
containing Pd -catalysts supported on activated and Al-Zr pillared montmorillonite in Ca-form. Elemental analysis of
composites is shown that the content of alkali metals in montmorillonite decreases in the processes of activation and
pillaring compared with initial clay sample. For example, the sodium content in Pd /AlZr CaHMM + HM- catalyst
does not exceed 0.08%. After pillaring the average Zr content in this catalyst is equal to 9,34mas.%.

It was shown that the introduction of mordenite promotes an increase in the conversion of n-hexane for the 1.5-
3.5 times and a significant increase in the amount of disubstituted isohexanes formed. The optimal space velocity of
n-hexane feeding (0.64 h™") was determined, at which the studied Pd- catalyst shows maximum isomerizing activity
to form 44.7% of mono- and disubstituted isohexanes and 4,4% isoheptanes. The optimal temperature of n-hexane
isomerization over Pd- catalyst was 350°C. The increase of octane number on this catalyst at 350-400°C is 45.4-45.6
units.

The correlation between isomerization activity and the number of medium and strong acid sites was revealed.

Key words: n-hexane, isomerization, space velocity, temperature, selectivity, disubstituted isohexanes, octane
number.

Introduction

One of the most environmentally friendly ways to improve the anti-detonation properties of straight-
run gasolines is to use the process of catalytic isomerization of n-alkanes to produce high-octane isomers
[1-4]. Therefore, the creation of highly effective catalysts for this process operating under mild conditions
is an actual task. Previously, we found that the isomerizing activity of Pt and Pd catalysts on Zr pillared
CaHMM is significantly reduced during long-term tests [5,6]. When n-hexane was isomerized for 20
hours, there was a strong decrease in the isomerizing activity of the Pt catalyst. This determines the choice
of the Al-Zr composition as a pillaring agent, since it is known that the introduction of the second pillaring
component significantly increases the thermal stability of the contacts, their specific surface area and
acidity [7,8].

It is known that depending on the activity of the catalyst used, the composition of the hydrocarbon
feedstock and other process parameters, the magnitude of the space velocity in the refining processes
determines the achievement of equilibrium in the system, the direction of the reaction and the yield of the
reaction products [9, 10]. The space velocity of the feed determines the specific loading of the reaction
volume by the feedstock and characterizes the duration of contact of the reacting intermediates with the
catalyst. The influence of contact time or space velocity of supply with feed is the same for many catalytic
processes. As the contact time increases, the yield of the product for the reversible catalytic reaction
increases, and the more active the catalyst, the shorter the contact time required to achieve a given yield of
the product. Temperature, space velocity of raw materials feed and pressure affect the speed and depth of
oil hydrocarbons conversion [11,12]. For each type of feedstock and catalyst, there is an optimum range of
temperatures, pressures and space velocities of feedstocks.

64 ——
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The purpose of this work is to study the isomerizing properties of Pd- catalysts deposited on the Al-
Zr- bimetallic composition pillared activated montmorillonite (CaHMM) using isomerization of n-hexane
as the temperature and the space velocity of supply with the raw material are varied.

Experimental

For the preparation of Pd catalysts deposited on the Al-Zr pillared Tagan montmorillonite,
preliminarily clay was activated by treatment with a solution of H,SO, and then pillared with a solution of
aluminum hydroxocomplex [Al1304(OH) 54 (H,0) 1] ™ Al-Zr montmorillonite with a ratio Al: Zr = 1 was
prepared by sequential addition of Al and then Zr into activated montmorillonite using early known
procedure [13,14], followed by washing, drying and calcinations. Pd deposited on AlZr (2.5) CaHMM
using PdCl, solution. The values in parentheses indicate the initial concentration of aluminum in the
hydroxocomplexes in mmol of Al**and Zr* *per 1 g of montmorillonite in Na- or Ca-forms. The activity of
the catalyst was determined by the yield of isohexanes, isoheptanes, the total yield of isomers and the
increase in octane numbers (0.n.).

The acid characteristics of the contacts were obtained from the data of TPD ammonia.

Analysis of the hydrocarbon composition and octane number of gasolines was carried out on a
chromatograph "Chromatek-1000" with a flame ionization detector and a capillary column 50 m long;
temperature of 250°C; carrier gas is helium. Registration and processing of the chromatograms were
carried out with the application of the program "NetChrom-win" (products of the Meta Chrom LLC).

Elemental analysis of composites was carried out with the help of energy dispersive - X-ray
fluorescent spectroscopy on the energy dispersive microanalysis system INCA-Energy 450, mounted on a
scanning electron microscope JSM6610LV, JOEL, Japan.

Results and its discussion

Elemental analysis of composites is shown that the sodium content in montmorillonite decreases from
1,5% in the initial sample to 0.28% in pillared Al (5.0) NaHMM. Similar regularity was observed for the
pillared by AlZr montmorillonite.The sodium content in Pd /AlZr CaHMM + HM- catalyst do not exceed
0.08%. After pillaring the average Zr content in this catalyst is equal to 9,34mas.% (table 1).

Table 1 - Data of elemental analysis of 0,35%Pd Al:Zr(1:1)/CaHMM+15%HM, [Al]=[Zr]=2.5 mmol/g clay,mas.%

Spectrum O Na Mg Al Si S Cl Ti Fe Zr Pd Total

Spectrum1 49,55 0,09 | 0,87 15,32 23,72 0,06 |0,14 0,09 |069 |936 |0,14 100,00
Spectrum?2 49,46 0,07 | 0,82 14,34 24,78 0,06 | 0,10 |04 |0,74 |934 |0,14 100,00
Spectrum3 | 49,79 | 0,09 | 0,84 | 13,92 [ 2467 |005 | 011 | 011 |079 |943 | 022 | 100,00
Average 49,60 0,08 | 0,84 14,53 24,39 0,06 | 0,12 |o0,L11 0,74 1938 |07 100,00

Earlier, we observed [15] that the incorporation of mordenite into the composition of the Pt catalyst
deposited on the pillared Al montmorillonite results in a change in the composition of the products formed
from n-hexane, without significantly affecting the conversion. On this catalyst, a large number of
disubstituted isohexanes - 2,2 and 2,3-dimethylbutanes, as well as isobutanes, isopentanes and
isoheptanes, the number of which increases with temperature. The optimum space velocities of n-hexane
feeding are determined at which the studied catalysts exhibit maximum isomerizing activity and maximum
increase of octane numbers [16].

A study of the isomerizing properties of Pt / mordenite + Al,O; catalysts and Pt catalysts on granular
mordenite without binders showed that the incorporation of mordenite into the catalyst promotes an
increase in the conversion of n-alkanes due to optimization of the acid properties of the catalysts [17,18].
Using the example of the isomerization reaction of n-heptane, it was shown that with an increase in the
proportion of mordenite from 10 to 50% by weight, a gradual increase in n-heptane conversion occurs. In
this case, the zeolite module has little effect on the activity of catalysts with the same zeolite content. The
selectivity of isomerization depends only on conversion and does not change with an increase in the
proportion of zeolite in the catalyst [19]. In connection with the foregoing, the best samples of Pd catalysts
supported on aluminium-zirconium pillared montmorillonite modified with mordenite (HM) were tested in
the isomerization reaction of n-hexane at various temperatures with a space velocity of 0.64 h . (Table 2).
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It can be seen from Table 2 that the conversion of n-hexane on 0.35% Pd /AlZr CaHMM + HM- catalyst
increases 4.2 times with increasing temperature from 250 to 400°C (from 12.8% to 53.5 %).

Table 2 - Isomerization of n-hexane on 0.35% Pd /AlZr CaHMM + HM-composite catalyst (space velocity 0.64 h™)

Catalyst T,°C o, % Sce, Sce+ Yields of reaction products,%
% % {Ci-C4 i-B 2MB 2,2D 2MP zC7
MB
0,35% Pd 250 12,8 60,2 100 1,3 0,1 4,5 32 3,7
300 46,4 87,7 99,3 0,3 1,2 0,8 20,7 20,0 34
350 534 83,7 | 986 |07 1,0 2,6 23,3 21,4 44
400 53,5 80,9 99,0 0,5 1,1 2,8 22,4 20,9 5,8

*% C7 = 2,2- dimethylpentane(DMP), 2,4-DMP, 2,2,3-threemethylbutane(TMB), 3,3DMP, 2-methylhexane(MH), 3-MH, 3-
ethylpentane(EP).

The selectivity to all the isomers is reduced from 100 to 99.0% with an increase in temperature from
250 to 400°C, but remains very high (98.6-100%) in the entire range of studied temperatures. The
selectivity to isohexanes is slightly lower, but if it take into account that the resulting di- and three
substituted isoheptanes have high octane numbers, it can be assumed that the resulting mixtures of
isomeric hydrocarbons also have high octane numbers.

Analysis of the reaction products showed that the isomerization of n-hexane on the mordenite-
containing palladium catalyst proceeds to form C;-, Cs-, C4- and C;- isomers. It should be noted that the
amount of isohexanes on this catalyst reaches 44.7% at 350°C, with more than half of this amount being
2,2-dimethylbutane.Quantities of isopentanes and isoheptanes increases with increasing temperature.
Thus, the content of isopentanes and isoheptanes increases from 0.1% and 3.3% at a temperature of 250°
to 2.8 and 5.8%, respectively, at 400° C.

Comparison of the obtained results with the data on the catalyst without mordenite shows that the
isomer selectivity remains high on this catalyst (Table 3), although the introduction of mordenite promotes
an increase in the conversion of n-hexane by 1.5-3.5 times, and at 300° conversion n-hexane increased
more than 8 times (Tables 2 and 3). The selectivity to all isomers at temperatures of 350, 400° is 96.0-
92.9%. The selectivity to isohexanes at 250, 300" is significantly lower on the mordenite-containing
catalyst due to a higher conversion of n-hexane. It should be noted in the same way that the introduction of
mordenite promotes a significant increase in the amount of disubstituted dimethylbutanes formed. At the
optimum temperature, the amount of 2,2-DMB reaches 23,3%, in addition, there are significant amounts
of isopentanes and isoheptanes, especially at temperatures of 350,400°C, which may be due to the change
in the number and strength of acid sites.

Table 3 - Isomerization of n-hexane on Pd / AlZrCaHMM- catalyst at different temperatures (space velocity 0.64h™")

Ratio Al:Zr, | T,°C o,% Scar Sce Yields of products,% by weight
ilr;ilf 3C,- | i-BUT | ZPen+ 22- 23- 3M | i-Hep
v C, i-Pen DMB | DMB | Pen
250 5.4 100 100 - ; - - - 5.4 -
L:1 300 53 100 100 - ; - - 35 1,8 -
350 154 | 96 862 | - 1,5 0,6 0,8 8,9 3.6 ;
400 395 | 929 | 706 |09 5.6 4.4 2.8 14,7 10,4 | 08

It was shown that with an increase in the amount of palladium from 0.1 to 0.35% in the case of
mordenite-free catalysts, an increase in the relative total amount of acid sites from 220.3 to 249.3% is
observed, mainly due to an increase in the content of medium and strong acid sites, while the number of
weak acid sites decreases. Such a distribution of acid sites should promote the growth of the isomerizing
activity of Pd-catalysts, which we observed experimentally[20].

When modifying the catalysts with mordenite, a slight decrease in the total number of acid sites of
different strengths is observed, and when mordenite is introduced, as in the case of an increase in the Pd
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content, the number of weak acid sites(a.s.) decreases, and the content of medium and strong
(a.s.)increases.

Based on the results obtained, it can be concluded that a decrease in the amount of palladium to 0.1%
and modification of Pd-catalysts by mordenite lead to an increase in isomerizing properties with the
formation of significant amounts of mono-and disubstituted isohexanes, which is due to an increase in the
number of medium and strong acid sites[20].

To select the optimal n-hexane feeding space velocities to the Pd / AlZrCaHMM+HM the composite
catalyst was tested at a space velocity of 1.28 h™'(Table 4). An increase of n-hexane feed rate from 0.64 to
1.28h™ reduces the overall conversion from 53.4 to 51.4% at 350°C, due to a reduction in the contact time
with the catalyst surface. In addition, a comparison with the results obtained at a space velocity of 0.64 h™
(Table 2) shows that with an increase in the space velocity up to 1.28 h™', together with a decrease in the
conversion of n-hexane, the selectivity to all isomers decreased from 98,6 to 95.5%. A slight decrease in
the yield of isohexanes and 2,2-dimethylbutane is observed with an increase in the space velocity of n-
hexane. Thus, the amount of isohexanes under these conditions is 41.6% compared to 44.7% at the space
velocity of n-hexane of 0.64 h™.

Table 4 - Isomerization of n-hexane on Pd /AlZrCaHMM + HM composite catalyst (space velocity 1.28 h™)

Cat. T, °C o, % Sce, Sce+ Yields of reaction products,%
% % {C,-C, |iB 2MB 22 2MP > C7
DMB
0,35% 250 7,7 68,8 92,2 0,5 0,1 3,1 2,2 1,8
Pd 300 40,1 78,3 98.8 0,1 0,1 03 17,0 14,4 3,2
350 51,4 80,9 95,5 0,5 0,3 1,5 21,1 20,5 7,5

Reduction of the space velocity of n-hexane to 0.43 h™' slightly increases the isomerization activity
and selectivity of this catalyst (Table 5) compared to the results at a feed space velocity of 1.28 h™. The
yield of isohexanes at this space velocity of n-hexane at 350°C is 44.1%, which is close to the results
obtained at a space velocity of 0.64 h™. Comparison of the results presented in Fig. 1 shows that the
optimum space velocity for a Pd / AlZrCaHMM + HM catalyst can be considered to be 0.64 h™'.

Table 5- Isomerization of n-hexane on 0.35% Pd / AlZrCaHMM + HM composite catalyst (space velocity 0.43 h™")

Cat. T,°C o, % Sce, Sce+ Yields of reaction products,%
% % {C-Cy i-B 2MB 2,2DMB 2MP > C7
0,35% Pd | 250 21,8 67,9 100 - - - 7,8 7,0 7,0
300 46,2 86,8 98,7 - 0,1 0,5 20,3 19,8 5,5
350 53,7 82,1 94,0 0,7 0,4 2,1 23,5 20,6 6,4
400 56,1 76,3 90,9 1,1 0,7 33 22,8 20,0 |82

The dependence of the yield of isohexanes and isoheptanes on 0.35% Pd /AlZrCaHMM + HM on the
temperature at a various space velocity of n-hexane is shown in Fig. 1, from which it can be seen that the
yields of all isomers increase with increasing temperature and reach a maximum at 350°C. At all space
velocities, the catalyst exhibits a sufficiently high isomerization activity with the formation of 41.6-44.7%
isohexanes and 4.4-8.2% isoheptanes. The highest yields of isomers on this catalyst were observed at a
space velocity equal to 0.64 h™.

To estimate the octane-raising properties of isomerizates obtained on a Pd / AlZrCaHMM + HM-
catalyst, calculations of the increase of octane numbers (o.n.) based on an analysis of the products
obtained by isomerization of n-hexane on this catalyst (figure 2). It can be seen from Fig. 2 that on all the
catalysts studied, regardless of the space velocities of n-hexane, there is an increase in o.n. with an
increase in temperature, which is associated with an increase in the yield of isomers under these
conditions, especially disubstituted with high o.n. For a 0.35% Pd/AlZrCaHMM+HM-catalyst, a constant
value of the o.n. increase is characteristic at 350-400°C. The data presented in Fig. 2, allow to draw a
conclusion about the optimal space velocity of n-hexane, providing the maximum increase of o.n. on this
catalyst. It is shown that for the 0.35% Pd / AlZr CaHMM + HM catalyst, the optimum space velocity is
0.64 h™'. Increase o.n. on this catalyst at 350-400°C is 45.4-45.6 units.
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Figure 2 - Dependence of the increase in the octane number of the products obtained by isomerization of n-hexane over 0.35% Pd
/AlZrCaHMM + HM on the temperature at different space velocities (1.28h™", 0.64 h™', 0.43 h™")
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Conclusion

Thus, based on the analysis of the results obtained, it can be concluded that a sufficiently high level of
n-hexane conversion, equal to 53.4-53.7%, with a high isomerizing activity of the mordenite-containing
Pd catalyst to form 44.7% of mono- and disubstituted isohexanes and 4,4% isoheptanes is reached at a
temperature of 350°C. The optimal space velocity of n-hexane (0.64 h™) were determined, at which the
studied catalyst shows maximum isomerizing activity and maximum increase of octane numbers.
Comparison with the data obtained on a 0.5% Pt-catalyst deposited on mordenite in H-form without a
binder and on a Pt / SO, / ZrO, / Al,O; catalyst [18,21] showed that these catalysts are significantly
inferior to those developed by the selectivity the formation of isohexanes (83.0-86.0%) and the yields of
disubstituted isohexanes. The correlation between isomerization activity and the number of medium and
strong acid sites was revealed.
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TYPJIEHAIPIUI'EH TAFAHABIK MOHTMOPUJIVIOHUTKE KOHABIPBIJIFAH HEOJINTKYPAM/IbI
Pt-KATAJIM3ATOPJIAPABIH N3OMEPJIEYIII BEJICEHAUIITTHE KOJEMIIK
KBUIJAM/BIK IIEH TEMIIEPATYPAHBIH 9CEPI

AnHoTauus. Makanana Al xoHe Zr-MeH muiuiapupriereH xoHe Oencenpipinrer Ca ¢opmaiibl MOHTMOPHILIO-HUTKE
KOHIBIPBUIFaH IIEOJHTCI3 KOHE HEONUTKYpaM/Isl Pt-katanu3aTopnapIblH K-TeKCaH M30MEepU3alusChl OOMBIHINA ajbIHFaH
ManiMeTTepi KenripinreH. KommosuTrepre xacanfaH 3JM€MEHTTIK aHaiu3 OeliceHnipy MEH NMuiIapupliey IpolecTepinie
MOHTMOPHJUTOHUTTET1 CUITUTIK MeTajJap/bslH Meepi a3asTbiHbiH KepceTTi. Meicansl, Pd / AlZr CaHMM + HM-
KaTalu3aTopbIHaarel HaTpHid yieci 0,08%-nan acnaiinst. [Tunnapupneren con Oy karanuzaropaarsl Zr mac.yneci 9,34%.

MoOpIEHUT eHri3y K-TeKCaHHBIH KOHBEPCHSCHIH 1,5-3,5 ece apTTHIpaTHIHBI JKoHE IMaiga 00JaThIH KOCOPBIHOACAPIIBI
TUMETUIOYTaHHBIH MeJIepiH alTapiblKTail KeOeHTeTiHi KepceTinai. 3epTTenreH KaTanu3aTopiap MaKCHMAallabl
n3oMepIryerni OeJICeHAUTIK TaHBITHI 44,7% MOHO- jkK9HEe KOCOPBIHOAcapIibl H30TeKcanaap MeH 4,4% u30orentaH Ty3uIeTiH
K-TeKCaHHBIH THIMI KeJeMIiK KbuiaaMasirbl (0,64 car-1) aHbikTanabl. Pd-karann3aTopbiHaaFbl K-TeKCaH U30MEPIICHYIHIH
TriMai Temmepatypacki 350°C Gomabi. Ocki katamusaTopaa 350-400°C Kke3iHe OKTaH CaHBIHBIH ocyi 45,4 - 45,6 Gipiikke
TEH.

W3omepneymnni OGelceHIUINT MEH OpTa XOHE KYIUTI KbIIKBUILABI OPTAIbIKTAp CAHBbIHBIH apachbIHIarbl OaliaaHbICTap
AHBIKTAJIIBL.

Tyiiin ce3gep: K-rekcaH, HU30Mepley, KeJeMAIK KbUIAAMJIbIK, TeMIepaTypa, CENEKTUBTLUIIK, KOCOpbIHOAcapibl
M30MepIIep, OKTaH CaHbI
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BJIUSAHUE OBBEMHOM CKOPOCTH U TEMIIEPATYPHI HA U30MEPHU3YIOIIYIO
AKTUBHOCTbDb HEOJIUTCOAEPKALIUX Pd-KATAJIN3ATOPOB, HAHECEHHBIX
HA MOJU®ULIMPOBAHHBIN TATAHCKA MOHTMOPUJLJIOHUT

AHHoTauus. B cratbe mpencraBieHbl JlaHHble 00 M30MepH3allMM  H-TeKCaHAa Ha  OECLEOJHUTHBIX M
MOpICHUTCOAepKaMX  Pd-karanus3aTtopax, HAHECEHHbIX HAa aKTHUBUPOBAHHBIM M HUUIapupoBaHHBI  Al-Zr
MOHTMOPHIIOHUT B Ca-(opme. DiieMEeHTapHBIH aHaIM3 KOMIIO3UTOB MOKa3al, YTO COJCP)KaHWE IIENOYHBIX METAJIOB B
MOHTMOPHJJIOHUTaX YMEHBILIAECTCSI B HPOLECCe AKTUBALMM U NMWUIAPUPOBAHUS MO CPAaBHEHMIO C HCXOIHBIM 00pa3LoM
bl Hanpumep, conepkanme Hatpus B Pd / AlZr CaHMM + HM-karamuzarope He npebimaer 0,08%. Ilocne
MUJUIApUPOBAHUS CPEJHEE CoAepKaHue Zr Ha 3TOM KaTtajausarope cocraBisieT 9,34 mac.%.

Bouto mokaszaHo, 4TO BBEJEHHE MOPACHUTA CIOCOOCTBYET YBEIMYEHHIO KOHBEpPCHM H-TekcaHa B 1,5-3,5 pasza u
3HAUUTEIBHOMY YBEIMYEHMIO KOJIMYECTBA AU3aMELICHHbIX M30TreKcaHoB. OmnpeneneHa onTUMalbHas 00bEeMHasi CKOPOCTb
noxaun H-rekcana (0,64 4-1), mpu KoTOpoi M3ydeHHBbIH Pd-karanmm3arop moka3bpiBaeT MaKCUMAIBHYIO H30MEPH3YIOILYIO
aKTUBHOCTh C oOpazoBaHueM 44,7% MOHO- M JIU3aMEIIEHHBIX H30reKcaHoB u 4,4% wuzorentaHoB. OnTuMaibHas
TeMIIepaTypa H30MepH3aluy H-rexcana Ha Pd-karammsarope cocramsier 350°C. VBemmueHne OKTAHOBOTO YHCIA HA 3TOM
karanuzatope npu 350-400°C cocrasnsier 45,4 - 45,6 equnu.

BrrsiBiieHa Koppensnus M1y H30MEpU3yIoIeil aKTHBHOCTBIO U YUCJIOM CPEHUX U CHIIbHBIX KUCIOTHBIX LIEHTPOB.

KioueBble c10Ba: H-TeKCaH, H30MEpU3alnsl, 00bEMHAsl CKOPOCTh, TEMIIEPATypa, CEIEKTUBHOCTD, AU3aMEIICHHBIC
U30MEPBL, OKTAHOBOE YHCIIO.
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