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Abstract 

Pd / CaHMM catalysts with different Pd content on the base Pd-hydrosols 

(0.35 and 0.1%), as well as modified with mordenite (15%), were tested during 

isomerization of n-hexane to isohexanes at 250-400
0
C. Based on the 

experimental results, it was noted that the maximum conversion was observed 

on a 0.35% Pd catalyst without the addition of mordenite and was 55.6% at a 

temperature of 400 
0
C, reducing the amount of palladium to 0.1% leads to a 

reduction in conversion to 46.9%. The yield of isohexanes in this case is 43.6% 

and 41.1% on 0.35% and 0.1% Pd catalysts, respectively. The addition of 

mordenite results in a reduction in the conversion and yield of isohexanes. The 

selectivity for C6+ on all catalysts remains high at 96.6-100%. It was shown by 

transmission electron microscopy that the size of palladium particles in sols 

was 3-5 nm, which does not change when deposited on a CaHMM 

Keywords:  isomerization, n-hexane, iso-hexanes, activated montmorillonite, mordenite,                  

Pd-nanoparticles 

Introduction 
Isomerization of n-alkanes is a component of obtaining high-octane gasolines. In the 

catalytic isomerization process, the molecular structure of n-paraffins is rearranged into their 
isomers (iso-paraffins) with higher octane numbers, which are environmentally friendly additives 
to motor fuels. Growing from year to year requirements for motor fuels increase the demand for 
high-efficiency technology of isomerization of light gasoline fractions consisting of C5-C6 
paraffins of predominantly linear structure (n-paraffins) [1,2]. Searching for new and improving 
existing isomerization catalysts is the most effective way of increasing the yields of isomers, 
reducing the proportion of side processes and reducing the energy intensity of the process. [3-5]. 

Natural clays are one of the effective and accessible types of catalysts, which, after 
modification using cation exchange, acid activation and other methods, can be recommended for 
their practical use [6]. Changes in the catalytic activity of clays after acid activation are observed 
in [7,8]. The formation of the porous structure of aluminosilicates as a result of acid treatment 
and the introduction of additives with certain pores opens up new possibilities for their use as 
carriers for the stabilization of active metal particles, especially nanoparticles. 

It is known that the rate of many catalytic reactions depends on the dispersion of the active 
metal [9-11]. A significant catalytic activity of metallic nanosized particles in various reactions 
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and processes of catalytic processing of petroleum raw materials has been established [12]. 
In this work, palladium hydrosols were used as a source for the production of 

nanodispersed particles of the active metal, which were synthesized by hydrogen reduction of 
solutions of polyoxometallates Pd [13]. This method of synthesis ensures the production of 
stable sols with an average size of metallic palladium particles equal to 4.5 nm [13].  

The purpose of this work is the synthesis, study of texture and other physico-chemical 
characteristics of the zeolite-free and mordenite-containing catalysts based on Pd hydrosols 
deposited on the H-form of natural Tagan montmorillonite (MM) in Ca-form in the isomerization 
of n-hexane. 

Experimental Part 
The carefully milled clay of the Tagan deposit in the Ca-form without separation of the 

monomineral fraction of montmorillonite was treated with a 20% solution of H2SO4 followed by 
washing from SO4

2-
 ions. The activated clay was formed, dried in a thin layer first at room 

temperature, then at 150
0
C, and then subjected to calcination at 500

0
C [14-15]. The prepared H-

form of MM was used as a support for Pd-catalysts. 
The catalysts were prepared by impregnating the support with aqueous Pd sol solutions, 

followed by drying, calcining and reduction of the oxides to the metallic state. The metal content 
in the samples is 0.35 and 0.1 wt. %. 

Colloidal solutions of metals (sols) were prepared according to the procedure described in 
[13]. The dispersion of Pd-particles was characterized using transmission electron microscopy 
(TEM, EMB 25-K). The texture characteristics of the samples were determined by the BET 
method for low-temperature nitrogen adsorption on the ACCUSORB instrument. 

The activity of the samples in the isomerization of n-hexane was investigated in a flow 
reactor with varying the process temperature in the range 250-400

0
C. Space velocity of n-hexane 

submission was 0.82 hour
-1

, molar ratio of H2: nC6H14=3,5. The process was carried out in a 
stream of hydrogen, an analysis of products was gas chromatography ("Chromos GH-1000" 
supplied with a capillary column 50 m long, diameter 0,25mm and the flame- ionization 
detector). 

Results and Discussion 
The texture characteristics of the activated clay CaHMM and the Pd sol deposited on it, 

determined from the low-temperature nitrogen adsorption (BET) data, are given in Table 1. As 
can be seen from Table 1, the decrease of Pd quantity from sols in CaHMM from 0.35% to 0. 1% 
leads to an increase in the specific surface area of the sample from 113.6 to 127.1 m

2
 / g. The 

introduction of mordenite (15%) also promotes the growth of the specific surface area of 
montmorillonite and palladium catalysts based on it from 113.6 to 142.3 m

2
 / g for 0.35% Pd -

catalyst and from 127.1 to 164.3 m
2
 / g for 0.1% Pd- catalyst. The total pore volume slightly 

increases from 0.103 cm
3
 / g to 0.118 cm

3
 / g as the Pd quantity decreases and with the addition 

of mordenite increases from 0.114 to 0.134 cm
3
/ g. 

Tab. 1 shows how the pore content of different diameters varies as the Pd quantity 
decreases from 0.35% to 0.1%: the amount of micropores decreases from 50.9 to 47.3% while 
the quantity of mesopores increases from 49.0 to 52.6%. 

 



L.S. DJUMABAEVA, N.A. ZAKARINA, G.Zh.YELIGBAYEVA, … 

www.ppor.az 382 

Table 1. Specific surface area, effective pore volume and distribution of pores for Pd / CaHMM 
catalysts 

The incorporation of mordenite into Pd sol / CaHMM catalysts is characterized by an 
increase in the specific surface area and the redistribution of pores in size compared to Pd 
catalysts deposited on CaHMM without a zeolite. The amount of mesopores in the mordenite-
containing 0.35% Pd-sol/CaHMM increases to 55.3% compared to 49.0% in the catalyst without 
zeolite, and the number of micropores with the introduction of mordenite decreases from 50.9% 
to 44.6%. On 0.1% Pd-catalyst, the introduction of mordenite practically does not affect the pore 
size distribution. 

The changing porous structure, depending on the amount of palladium supported and the 
presence of mordenite, is clearly illustrated in Fig. 1 and 2. Fig. 1 (a,b),  shows a small decrease 
in the number of micropores and an increase in the amount of mesopores in the zeolite-free Pd 
catalysts with a decrease in the palladium content from 0.35 to 0.1%. 

                          
a b 

Fig.1. Pore distribution curves for their effective radius in Pd-CaHMM-composite catalysts as a 

function of the metal content: 0.35% Pd / CaHMM (a), 0.1% Pd / CaHMM (b) 

With the introduction of mordenite, the quantitative ratio of micro- and mesopores is 

determined by the amount of palladium in the catalyst. For 0.1% Pd-catalyst, the incorporation of 

mordenite does not affect the pore distribution, and in the case of 0.35% Pd-catalyst, mordenite 

reduces the amount of micropores, and the amount of mesopores- promotes (Fig. 2 (a,b)). 
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a b 

Fig.2. Pore distribution curves for their effective radius in Pd-CaHMM-composite catalysts as a 

function of the metal content: 0.35% Pd / CaHMM+HM (a), 0.1% Pd / CaHMM+HM(b) 

 

Such a change in the texture characteristics of the catalysts also affects their isomerizing activity 

during the hydroconversion of n-hexane. It was found in [16] that the introduction of mordenite 

into the catalyst makes it possible to enhance its hydroisomerizing activity. Fig. 3 (a,b) and Tab.2 

show changes in the conversion of n-hexane, the yield of isohexanes, selectivity to isomers on 

0.35%, and 0.1% Pd contacts as a function of temperature. 

 

 
a b 

Fig. 3. Iso-hexane yield, selectivity and conversion of the n-hexane isomerization process by 

0.35% Pd- sol / CaHMM (a), 0.1% Pd-sol / CaHMM (b) catalysts depending on the 

process temperature 
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The tests of 0.35% and 0.1% of palladium catalysts showed that their activity decreases 
insignificantly with decreasing palladium quantity. The conversion of n-hexane and the yield of 
isomers increase with increasing temperature on both catalysts. 

Table 2. Isomerization of n-hexane on Pd-sol / СаHMM composite catalyst 

Catalyst Т, 
0
С α, % 

SС6, 

% 
SС6+ 
% 

The yield of reaction products, % 

{С1-С4 i-butane 
2-Methyl 
butane 

2,2-Dimethyl 
butane 

2-Methyl 
pentane 

0.35% 
Pd 

250 7.0 70.2 100 - - - 2.98 1.95 
300 27.0 89.7 99.0 - - 0.28 14.3 9.6 
350 45.9 91.0 98.5 0.07 0.08 0.56 21.3 19.1 
400 55.6 84.6 98.0 0.27 0.29 0.54 23.8 19.8 

0.1% Pd 

250 8.7 69.6 97.6 - - 0.21 3.55 2.51 
300 25.8 90.1 98.4 - - 0.29 14.0 9.31 
350 43.3 91.3 97.0 - 0.05 0.25 20.9 18.6 
400 46.9 87.7 96.6 0.21 0.27 1.13 23.2 17.9 

α-conversion of n-hexane; S- selectivity to C6 (SC6) and C6+( SC6+). C6+ -hydrocarbons with 
number of carbon atoms more than 6. 

On a 0.35% Pd-catalyst, the conversion of n-hexane at 400
0
C is 55.6%, which is reduced to 

46.9% on 0.1% Pd- catalyst at 400
0
C. The selectivity to C6 + -isomers on catalysts with 0.35% 

and 0.1% Pd quantity decreases from 97.6% and 100% at 250
0
C to 98.0 and 96.6% at 400

0
C. 

The amount of hydrocracked products on both catalysts does not exceed 0.27-0.21%, even at 
400

0
 C. 

Tab. 3 and Fig. 4 (a,b) show the isomerization activity of Pd-sol / CaHMM modified by 
mordenite, depending on the metal quantity. The introduction of mordenite into Pd-sol / 
CaHMM has little effect on its activity and selectivity. On 0.35% Pd-sol / CaHMM + HM- 
catalyst, a maximum yield of isohexanes equal to 42.2% is observed at 350

0
C, while on a 

mordenitless catalyst, a higher yield of isohexanes-43.6% was found at 400
0
C. A further increase 

in temperature on the composite with 0.35% Pd + mordenite reduces the yield of isohexanes. 

Table 3. Isomerization of n-hexane on Pd-sol / CaHMM + HM-composite catalyst 

Catalyst Т, 
0
С α, % 

SС6, 

% 
SС6+ 
% 

The yield of reaction products, % 

{С1-С4 i-butane 
2-Methyl 
butane 

2,2-Dimethyl 
butane 

2-Methyl 
pentane 

0.35% Pd 

250 11.6 77.3 98.9 - - 0.13 5.17 3.83 
300 30.3 93.4 97.5 - 0.12 0.65 15.3 9.8 
350 46.2 94.1 98.7 0.1 0.13 0.45 24.1 18.1 
400 45.4 84.1 97.5 - 0.12 1.01 20.1 18.1 

0.1% Pd 
 
 

250 9.7 82.9 97.9 - - 0.20 4.80 3.2 
300 32.5 94.5 99.1 - 0.12 0.18 18.5 11.7 
350 43.3 92.7 96.8 0.2 0.60 0.55 22.8 16.2 
400 36.5 84.4 95.9 0.3 0.48 0.68 17.9 12.0 
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Comparison of the results presented in Tab. 2 and 3, shows that with the introduction of 

mordenite, the conversion of n-hexane varies insignificantly at temperatures of 250-350
0
C. 

However, at a temperature of 400
0
C, the increase in the conversion of n-hexane on 0.35% and 

0.1% Pd- catalyst promoted by mordenite is reduced by 1.2-1.3 times. 

The maximum yield of dimethylbutane (DMB) from n-hexane on a 0.35% Pd- contact 

modified by mordenite is 24.1% at 350
0
C. When the palladium quantity is reduced to 0.1%, the 

maximum yield of C6 disubstituted isomers is 22.8% at the same temperature. The total quantity 

of C6 + isomers on 0.35% Pd + HM is 42.2%, while on catalyst with low amount of Pd (0.1%) + 

HM the sum of isomers is lower and equal to 39.0% at 350
0
C. 

It was found that in the investigated temperature range, the selectivity for the C6+ isomers 

for all catalysts remains high and equal to 95.9-99.1%. At the same time, the amount of 

hydrocracking products does not exceed 0.2-0.3% at 400
0
C. 

The dispersion of Pd-sol particles was determined by TEM using microdiffraction. 

According to the literature data, the size of the metal particles during the deposition of Pd sol on 

the support (Al2O3) does not change [13]. Figure 5a shows a large accumulation of fine dense 

particles 3.5-5.0 nm in size. In 0.35% Pd-catalyst from sols, reflections were found on the 

microdiffraction pattern, which can be attributed to Pd4Si possibly in a Pd3Si mixture, which 

indicates the interaction of Pd with the carrier elements with the formation of palladium silicide 

(Fig. 5a). A small accumulation of large particles is shown in Figure 5b. The microdiffraction 

pattern is represented by a large set of reflexes, which can be attributed to AlPd in a mixture with 

Al3Pd4.  

 
 

a b 

Fig.4. Iso-hexanes yield, selectivity and conversion of the isomerization process of n-hexane on 

0.35% Pd sol / CaHMM + HM (a); 0.1% Pd sol/ CaHMM + HM (b) - catalysts depending 

on the process temperature 

Introduction of mordenite into catalyst the size of the palladium particles does not changed 

that was seen from Fig. 6. 
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                                                   а                                                                          b 

Fig. 5. Electron microscopic images 0.35% Pd-sol / CaHMM (a); 0.1% Pd-sol / CaHMM (b) -

catalysts (Magnification 78000) 

 

       
а                                                                      b 

 

Fig.6. Electron microscopic images 0.35% Pd-sol / CaHMM + HM (a); 0.1% Pd-sol / CaHMM + 

HM (b) -catalysts (Magnification 78000) 

With a palladium content of 0.35% in the mordenite-containing catalyst (Figure 6a), the 

carrier surface is thickly filled with small, dense and translucent particles constituting small 

aggregates. The dimensions of dense small particles are 3-5 nm. Microdiffraction picture is 

represented by rings and can be attributed to Pd4Si. As can be seen from Fig. 6b, Pd-sol / 

CaHMM + HM modified with mordenite contains dense fine particles of Pd with a particle size 

of 5 nm and also aggregates of 2-3 particles. The micro diffraction pattern from large crystals is 

represented by symmetrical and individual reflexes which correspond to Pd4Si. 
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Conclusion 

Pd-catalysts on the base of sols were synthesized from polyoxometallates and supported 

on the activated Ca-form of Tagan montmorillonite (CaHMM). The textural properties of 

supports and Pd-catalysts based on them are determined. 

The size of palladium particles in sols was 3-5 nm determined by transmission electron 

microscopy, which does not change when deposited on a CaHMM. By micro diffraction method 

the interaction Pd with support was found. In zeolite free catalyst (Pd-sol/CaHMM) AlPd and 

Al3Pd4 compounds were detected. Addition mordenite to Pd-sol/CaHMM catalyst promotes the 

formation Pd4Si, Pd3Si. 

On the basis of the data obtained, it can be concluded that a decrease in the amount of 

palladium to 0.1% and the modification of Pd-catalysts by mordenite result in a slight change in 

isomerizing properties. The selectivity to the C6+ isomers for all catalysts remains high at 95.9-

100%. 

The maximum yield of isohexanes (23.7% 2.2DMB + 19.7% 2MP) is 43.6% at a 

temperature of 400
0
C and atmospheric pressure over 0.35% Pd-sol / CaHMM. 
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