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CATALYTIC ACTIVITY AND ISOMERIZATION CAPACITY OF 
PALLADIUM AND NICKEL CATALYSTS IN 1-HEXENE HYDROGENATION 

REACTION

Jeldybayeva I.M. — PhD. Al-Farabi Kazakh National University. Scientific Research Institute of New 
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Abstract. This paper investigates the effect of the amount of catalyst and modifying
additives on the catalytic and isomerization activity of skeletal nickel and palladium-
humate in the hexane-1 hydrogenation reaction. It has been shown that the isomerization 
capacity and migration coefficient of skeletal nickel depends on the amount of catalyst. 
The migration coefficient increases from 0.38 to 0.95 with an increase in the weight of 
skeletal nickel from 0.05 to 1.00 g.  It has been established that the activity of catalysts 
depends on the nature of the modifying additives. Also, the dependence of the catalyst 
activity, isomerization capacity and migration coefficient of potassium Pd-humate on 
the polymer concentration has been studied. It has been shown that catalyst activity 
increases when the content of potassium humate in the initial catalysts decreases. 
The results of chromatographic analysis show that the hydrogenation of hexane-1 on 
1 % Рd-PtHOi-Karagay /B-094 catalyst is accompanied by cis-trans-isomerization of the 
formed hexane-2. The isomerization capacity and migration coefficient of 1 % Pd-
PtHOi-Karagay/B-094 catalysts increase with a decrease in the content of PtHOi-Karagay in its 
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composition. The selectivity factor decreases with increasing concentration of PtHOi-

Karagay in the initial catalyst from 0.95 to 0.56.
Keywords: hydrogenation reaction, hexene-1, palladium catalysts, nickel catalysts, 

humate potassium, catalytic activity, isomerizing ability
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Аннотация. Бұл жұмыста гексен-1 гидрлеу реакциясында қаңқалы никель мен
палладий гуматтың каталитикалық және изомерлеуші   активтілігіне катализатор 
мен модификациялаушы қоспалардың мөлшерінің әсері зерттелді. Қаңқалы 
никельдің изомерлену қабілеттілігі мен миграция коэффициенті катализатордың 
мөлшеріне байланысты екені көрсетілген. Қаңқалы никельдің салмағы 0,05-тен 
1,00 г-ға дейін артқан кезде миграция коэффициенті 0,38-ден 0,95-ке дейін өседі. 
Катализаторлардың активтілігі модификациялаушы қоспалардың табиғатына 
байланысты екені анықталды. Сонымен қатар Pd-калий гуматының катализатор 
активтілігі, изомерлену қабілетілігі мен миграциялық коэффициентінің полимер 
концентрациясына тәуелділігі зерттелді. Катализатордың активтілігі бастапқы 
катализаторлардағы калий гуматының мөлшері азайған сайын арта түсетіні 
көрсетілген. Хроматографиялық талдау нәтижелері 1 % Pd-ГтKOй-Қарағай/Б-094 
катализаторы қатысында гексен-1-ді гидрлеу кезінде 2-гексен түзелетін цис-
транс изомерленуімен қатар жүретінін көрсетті. 1 % Pd-ГтKOй-Қарағай/Б-094 
катализаторларының изомерлеу қабілетілігі мен миграция коэффициенті оның 
құрамындағы ГтKOй-Қарағай мөлшерінің төмендеуімен жоғарылайды. Селективті 
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коэффициенті бастапқы катализатордағы ГтКОй-Қарағай концентрациясы 0,95-тен 
0,56-ға дейін жоғарылаған сайын төмендейді.

Түйін сөздер: гидрлеу реакциясы, гексен-1, палладий катализаторлары, никель 
катализаторлары, калий гуматы, каталитикалық активтілік, изомерлеу қабілеттілігі
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Аннотация. В настоящей работе исследованы влияния количества катализатора
и модифицирующих добавок на каталитическую и изомеризующую активность 
скелетного никеля и палладия-гумата в реакции гидрирования гексена-1. 
Показано, что изомеризующая способность и коэффициент миграции скелетного 
никеля зависит от количества катализатора. Коэффициент миграции возрастает 
от 0.38 до 0.95 при увеличении навески скелетного никеля от 0,05 до 1,00 г.  
Установлено, что активность катализаторов зависит от природы модифицирующих 
добавок. Также были изучены зависимости активности катализатора, 
изомеризующей способности и коэффициента миграций  Pd-гумата калия от 
концентраций полимера. Показано, что активность катализатора возрастает при 
уменьшении содержания гумата калия в исходных катализаторах. Результаты 
хроматографического анализа показывают, что гидрирование гексена-1 на 1 % 
Рd-ГтКОй-Карагай/Б-094 катализаторе сопровождается цис-транс-изомеризацией 
образующегося гексена-2. Изомеризующая способность и коэффициент миграции 
1 % Рd-ГтКОй-Карагай/Б-094 катализаторов возрастает при снижении содержания 
ГтКОй-Карагай в его составе. Коэффициент селективности снижается при увеличений 
концентрации ГтКОй-Карагай в исходном катализаторе от 0,95 до 0,56.

Ключевые слова: реакция гидрирования, гексен-1, палладиевые катализаторы, 
никелевые катализаторы, гумат калия, каталитическая активность, изомеризующая 
способность
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Introduction
Hydrogenation of unsaturated hydrocarbon is an industrially important process, 

which lays in the basis for obtaining fuels that meet modern requirements for the 
quality of polymers, synthetic rubbers. Modernization of existing, development of new 
effective, environmentally safe, economically more profitable technologies is a priority 
direction of modern science and economy. Critical point is the development of low-cost 
catalysts based on new materials that provide an acceptable value of catalytic activity 
comparable to that shown by the currently used catalysts in industry (Shafigulin et al., 
2015; Sagdeev et al., 2015; Vreshchagina et al., 2013; Nikolaev et al., 2009).

In industry, platinum group metals: Pt, Ph, Ru, Pd deposited on carriers are commonly 
used as catalysts for selective hydrogenation of products of high-temperature pyrolysis 
(Nikolaev et al., 2009; Spiridinov et al., 2007; Nakao et al., 2005; Vasylyev, 2006; 
Mukherjee, 2008; Denicourt-Nowicki, 2007). However, such catalysts are sensitive to 
catalytic poisons and expensive due to the high content of precious metal. In addition, 
carrying out the hydrogenation process in their presence under relatively harsh 
conditions (high temperature and partial pressure H2) caused by the need to obtain a 
product of acceptable quality increases the energy intensity of the process, which in 
turn increases the cost of the final product. The search for new cheap, highly active 
and selective hydrogenation catalysts for individual unsaturated hydrocarbons and their 
technical mixtures is of great practical importance.

The most applicable for this purpose are palladium and nickel-based hydrogenation 
catalysts, which have high activity and relatively low cost compared to precious 
metal-based catalysts (Shafigulin et al., 2017; Zharmagambetova et al., 2016). Among 
a large number of diverse catalysts, the deposited metal complex catalysts modified 
with polymers should be especially noted (Zharmagambetova et al., 2016; Pomogailo, 
1988). The advantages of polymer-metallic catalysts (PMC) are activity and stability 
under mild experimental conditions, which allows to exclude undesirable side processes 
of isomerization or destruction. The main achievement in this area is the creation of 
new technologies based on multifunctional PMC on carriers and their introduction into 
industry.

Humic acids (HA) obtained from RK coals are environmentally safe and economically 
cheap, which determines the possibility of their use as a natural polymer-modifier in 
applied PMC. The study of the regularity of the composition, nature, structure and 
properties of HA contributes to the possibility of using them as a natural polymer-
modifier in PMC, understanding the dependence of the catalytic properties of these 
catalysts on the physicochemical properties of the polymer, which leads to an increase 
in the activity, stability and selectivity of the action of catalysts based on them.

In this regard, the development of PMC-based catalysts with high activity and 
stability during long-term use is an urgent task today.

Multicomponent skeletal nickel catalysts successfully used in various hydrogenation 
processes have also been found to be very industrially effective. This is due to high 
activity and selectivity, ease of preparation and regeneration, stability of operation in 
a long cycle, resistance to poisoning with catalytic poisons. It has been shown that the 
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modification of skeletal nickel with various metals allows to regulate the properties of 
the catalyst in a wide range. 

This work investigates the effect of the amount of catalyst and modifying additives 
on the catalytic and isomerization activity of skeletal nickel and palladium-humate in 
the hexene-1 hydrogenation reaction.

Methods and materials
Table 1 shows the physic and chemical characteristics of hexene-1.

Table 1. Basic physical and chemical characteristics of hexene-1

Compound Structural 
formula

Molecular 
mass

Boiling 
tempe-
rature,  

Density Refrac-
tive 

index

Solubility in:

water ethanol hexane

hexene-1
butylethylene

СН3-СН2-СН2-
СН2-СН=СН2

84.16 63.5 0.6732 1.3821 insoluble

Preparation of skeletal nickel catalysts. Weighed amount (0.4-0.8 g) of ground 
powdered Ni-Al-alloy from 0.06-0.20 mm fractions (composition of alloys is given in 
Table 3) was treated with 20% KOH solution at 96°С in a boiling water bath for 2 h. 
Washing of the obtained products from alkali was carried out with distilled water by 
decanting 4–5 times, until negative reaction to OH- ions in washing water appeared. The 
catalyst was then washed with a solvent in which hydrogenation (ethanol) was carried 
out.

Preparation of applied palladium catalysts. 100 cm3 of distilled water, a carrier and 
Na2CO3 are poured into a 500 cm3 beaker to pH 9–10 and stirred at room temperature 
with a magnetic stirrer. The suspension is stirred for 10–15 minutes until the carrier is 
completely wetted. Bauxite-094 (B-94) was used as the carrier. The calculated amount 
of Na2PdCI4 is adjusted with distilled water to 50 ml and then this solution is transferred 
by impregnation to a beaker with a stirred suspension of the carrier. In order to achieve 
complete palladium precipitation, the suspension is stirred for one hour. Completeness 
of palladium precipitation is checked by negative reaction with potassium rhodanide. 
The catalyst is washed with distilled water until neutral reaction, then is filtered, dried 
in a vacuum oven at 363 K for three hours.

Potassium humate-modified (PtH) palladium catalysts deposited on bauxite-094. 
Chemical composition of bauxite-094: Аl2О3-35.1 %; SiО2-15.1%; Fe2О3-23.7 %. 

Palladium catalysts deposited on bauxite-094 modified by PtH from the Oi-Karagai 
coal deposit were prepared as follows: 

A weighed amount of bauxite (3 g) was added to 150 ml of distilled water, then a 
solution of PtH (0.7-2.0 wt % relative to the weight of the carrier) and was added with 
stirring. Simultaneously, an aqueous solution of palladium chloride (1.0 wt. %) was 
added. The resulting catalysts were stirred for 3 hours and then washed, filtered and 
dried at 383K for two hours.

Methods of experiments. Hydrogenation was carried out in a thermostatted catalytic 
“filling” at atmospheric pressure and temperature of 20°С. Simultaneously, reaction 
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rates (amount of hydrogen absorbed per unit time, cm3/min) and catalyst potential (mV) 
relative to the calomel reference electrode were recorded according to the procedure. 
Prior to the reaction, the catalyst was treated with hydrogen in a solvent (V= 25 cm3) 
until a reversible hydrogen potential was established. Hydrogenation was carried out in 
a kinetic mode (700-800 rpm).

Hexene-1 hydrogenation selectivity coefficient was determined according to formula 
1, migration coefficient -С=С- bond – according to formula 2, isomerization coefficient 
– according to formula 3, stereospecificity – according to formula 4. 

4

suspension is stirred for 10–15 minutes until the carrier is completely wetted. Bauxite-094 (B-94) was used as
the carrier. The calculated amount of Na2PdCI4 is adjusted with distilled water to 50 ml and then this solution
is transferred by impregnation to a beaker with a stirred suspension of the carrier. In order to achieve complete
palladium precipitation, the suspension is stirred for one hour. Completeness of palladium precipitation is
checked by negative reaction with potassium rhodanide. The catalyst is washed with distilled water until
neutral reaction, then is filtered, dried in a vacuum oven at 363 K for three hours.

Potassium humate-modified (PtH) palladium catalysts deposited on bauxite-094. Chemical
composition of bauxite-094: Аl2О3-35.1 %; SiО2-15.1%; Fe2О3-23.7 %.

Palladium catalysts deposited on bauxite-094 modified by PtH from the Oi-Karagai coal deposit were 
prepared as follows:

A weighed amount of bauxite (3 g) was added to 150 ml of distilled water, then a solution of PtH (0.7-
2.0 wt % relative to the weight of the carrier) and was added with stirring. Simultaneously, an aqueous solution 
of palladium chloride (1.0 wt. %) was added. The resulting catalysts were stirred for 3 hours and then washed,
filtered and dried at 383K for two hours.

Methods of experiments. Hydrogenation was carried out in a thermostatted catalytic “filling” at
atmospheric pressure and temperature of 20°С. Simultaneously, reaction rates (amount of hydrogen absorbed
per unit time, cm3/min) and catalyst potential (mV) relative to the calomel reference electrode were recorded
according to the procedure. Prior to the reaction, the catalyst was treated with hydrogen in a solvent (V= 25
cm3) until a reversible hydrogen potential was established. Hydrogenation was carried out in a kinetic mode
(700-800 rpm).

Hexene-1 hydrogenation selectivity coefficient was determined according to formula 1, migration
coefficient -С=С- bond – according to formula 2, isomerization coefficient – according to formula 3,
stereospecificity – according to formula 4. 

    𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 (ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠+ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠),%

  (1)

Kmigration= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−1+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)

(2)

Kisomerization= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2),%

(3)

𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠

(4)

Chromatographic analysis was carried out on a chromosome GC-1000 chromatograph (“Chromos”,
Russia) with a flame ionization detector in an isothermal mode using a polar phase capillary column BP21 
(FFAP) (PEG modified with nitroterephthalate) 50 m long and 0.32 mm in inner diameter. The column was
maintained at a temperature of 90°C, the temperature in the evaporation chamber was 200°C, the carrier gas
was helium, the volume of the injected sample was 0.2 μl. During the experiment, 2–3 samples of the liquid 
reaction mixture were taken for analysis.

Result and discussion
From the data in Table 2, it can be seen that the yield of the reaction products depends on the amount

of catalyst introduced into the reaction medium. Thus, for example, the yield of hexene-2 increases linearly to
0.5 g of nickel with an increase in the weighed amount of the catalyst. With a further increase in the weighed
amount of the catalyst (to 0.75-1.0 g Ni), the yield of hexane-2 decreases.

Table 2. The composition of the hydrogenate obtained by hydrogenating hexene-1 on skeletal nickel from Ni:Al (1:1) alloy
(the amount of absorbed hydrogen is given in terms of 0.5 mol H2)

Catalyst weight, g Reaction products, % Kmigration Kselectivit

y

Kisomerization

Hexane Hexene-1 Hexene-2
trans cis

0.05 45.0 39.3 11.3 4.4 0.29 0.36 0.72
0.15 51.1 29.8 13.8 5.3 0.38 0.58 0.74
0.25 46.5 7.3 33.5 12.7 0.88 1.01 0.74
0.50 50.1 2.5 33.9 13.5 0.95 0.78 0.76
0.75 51.1 2.3 34.2 12.4 0.96 0.96 0.73
1.00 53.3 1.4 37.5 7.8 0.98 0.86 0.84

    (1)

4

suspension is stirred for 10–15 minutes until the carrier is completely wetted. Bauxite-094 (B-94) was used as
the carrier. The calculated amount of Na2PdCI4 is adjusted with distilled water to 50 ml and then this solution
is transferred by impregnation to a beaker with a stirred suspension of the carrier. In order to achieve complete
palladium precipitation, the suspension is stirred for one hour. Completeness of palladium precipitation is
checked by negative reaction with potassium rhodanide. The catalyst is washed with distilled water until
neutral reaction, then is filtered, dried in a vacuum oven at 363 K for three hours.

Potassium humate-modified (PtH) palladium catalysts deposited on bauxite-094. Chemical
composition of bauxite-094: Аl2О3-35.1 %; SiО2-15.1%; Fe2О3-23.7 %.

Palladium catalysts deposited on bauxite-094 modified by PtH from the Oi-Karagai coal deposit were 
prepared as follows:

A weighed amount of bauxite (3 g) was added to 150 ml of distilled water, then a solution of PtH (0.7-
2.0 wt % relative to the weight of the carrier) and was added with stirring. Simultaneously, an aqueous solution 
of palladium chloride (1.0 wt. %) was added. The resulting catalysts were stirred for 3 hours and then washed,
filtered and dried at 383K for two hours.

Methods of experiments. Hydrogenation was carried out in a thermostatted catalytic “filling” at
atmospheric pressure and temperature of 20°С. Simultaneously, reaction rates (amount of hydrogen absorbed
per unit time, cm3/min) and catalyst potential (mV) relative to the calomel reference electrode were recorded
according to the procedure. Prior to the reaction, the catalyst was treated with hydrogen in a solvent (V= 25
cm3) until a reversible hydrogen potential was established. Hydrogenation was carried out in a kinetic mode
(700-800 rpm).

Hexene-1 hydrogenation selectivity coefficient was determined according to formula 1, migration
coefficient -С=С- bond – according to formula 2, isomerization coefficient – according to formula 3,
stereospecificity – according to formula 4. 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 (ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠+ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠),%

(1)

  Kmigration= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−1+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)

(2)

Kisomerization= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2),%

(3)

𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠

(4)

Chromatographic analysis was carried out on a chromosome GC-1000 chromatograph (“Chromos”,
Russia) with a flame ionization detector in an isothermal mode using a polar phase capillary column BP21 
(FFAP) (PEG modified with nitroterephthalate) 50 m long and 0.32 mm in inner diameter. The column was
maintained at a temperature of 90°C, the temperature in the evaporation chamber was 200°C, the carrier gas
was helium, the volume of the injected sample was 0.2 μl. During the experiment, 2–3 samples of the liquid 
reaction mixture were taken for analysis.

Result and discussion
From the data in Table 2, it can be seen that the yield of the reaction products depends on the amount

of catalyst introduced into the reaction medium. Thus, for example, the yield of hexene-2 increases linearly to
0.5 g of nickel with an increase in the weighed amount of the catalyst. With a further increase in the weighed
amount of the catalyst (to 0.75-1.0 g Ni), the yield of hexane-2 decreases.

Table 2. The composition of the hydrogenate obtained by hydrogenating hexene-1 on skeletal nickel from Ni:Al (1:1) alloy
(the amount of absorbed hydrogen is given in terms of 0.5 mol H2)

Catalyst weight, g Reaction products, % Kmigration Kselectivit

y

Kisomerization

Hexane Hexene-1 Hexene-2
trans cis

0.05 45.0 39.3 11.3 4.4 0.29 0.36 0.72
0.15 51.1 29.8 13.8 5.3 0.38 0.58 0.74
0.25 46.5 7.3 33.5 12.7 0.88 1.01 0.74
0.50 50.1 2.5 33.9 13.5 0.95 0.78 0.76
0.75 51.1 2.3 34.2 12.4 0.96 0.96 0.73
1.00 53.3 1.4 37.5 7.8 0.98 0.86 0.84

(2)
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suspension is stirred for 10–15 minutes until the carrier is completely wetted. Bauxite-094 (B-94) was used as
the carrier. The calculated amount of Na2PdCI4 is adjusted with distilled water to 50 ml and then this solution
is transferred by impregnation to a beaker with a stirred suspension of the carrier. In order to achieve complete
palladium precipitation, the suspension is stirred for one hour. Completeness of palladium precipitation is
checked by negative reaction with potassium rhodanide. The catalyst is washed with distilled water until
neutral reaction, then is filtered, dried in a vacuum oven at 363 K for three hours.

Potassium humate-modified (PtH) palladium catalysts deposited on bauxite-094. Chemical
composition of bauxite-094: Аl2О3-35.1 %; SiО2-15.1%; Fe2О3-23.7 %.

Palladium catalysts deposited on bauxite-094 modified by PtH from the Oi-Karagai coal deposit were 
prepared as follows:

A weighed amount of bauxite (3 g) was added to 150 ml of distilled water, then a solution of PtH (0.7-
2.0 wt % relative to the weight of the carrier) and was added with stirring. Simultaneously, an aqueous solution 
of palladium chloride (1.0 wt. %) was added. The resulting catalysts were stirred for 3 hours and then washed,
filtered and dried at 383K for two hours.

Methods of experiments. Hydrogenation was carried out in a thermostatted catalytic “filling” at
atmospheric pressure and temperature of 20°С. Simultaneously, reaction rates (amount of hydrogen absorbed
per unit time, cm3/min) and catalyst potential (mV) relative to the calomel reference electrode were recorded
according to the procedure. Prior to the reaction, the catalyst was treated with hydrogen in a solvent (V= 25
cm3) until a reversible hydrogen potential was established. Hydrogenation was carried out in a kinetic mode
(700-800 rpm).

Hexene-1 hydrogenation selectivity coefficient was determined according to formula 1, migration
coefficient -С=С- bond – according to formula 2, isomerization coefficient – according to formula 3,
stereospecificity – according to formula 4. 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 (ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠+ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠),%

(1)

Kmigration= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−1+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)

(2)

 Kisomerization= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2),%

(3)

𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠

(4)

Chromatographic analysis was carried out on a chromosome GC-1000 chromatograph (“Chromos”,
Russia) with a flame ionization detector in an isothermal mode using a polar phase capillary column BP21 
(FFAP) (PEG modified with nitroterephthalate) 50 m long and 0.32 mm in inner diameter. The column was
maintained at a temperature of 90°C, the temperature in the evaporation chamber was 200°C, the carrier gas
was helium, the volume of the injected sample was 0.2 μl. During the experiment, 2–3 samples of the liquid 
reaction mixture were taken for analysis.

Result and discussion
From the data in Table 2, it can be seen that the yield of the reaction products depends on the amount

of catalyst introduced into the reaction medium. Thus, for example, the yield of hexene-2 increases linearly to
0.5 g of nickel with an increase in the weighed amount of the catalyst. With a further increase in the weighed
amount of the catalyst (to 0.75-1.0 g Ni), the yield of hexane-2 decreases.

Table 2. The composition of the hydrogenate obtained by hydrogenating hexene-1 on skeletal nickel from Ni:Al (1:1) alloy
(the amount of absorbed hydrogen is given in terms of 0.5 mol H2)

Catalyst weight, g Reaction products, % Kmigration Kselectivit

y

Kisomerization

Hexane Hexene-1 Hexene-2
trans cis

0.05 45.0 39.3 11.3 4.4 0.29 0.36 0.72
0.15 51.1 29.8 13.8 5.3 0.38 0.58 0.74
0.25 46.5 7.3 33.5 12.7 0.88 1.01 0.74
0.50 50.1 2.5 33.9 13.5 0.95 0.78 0.76
0.75 51.1 2.3 34.2 12.4 0.96 0.96 0.73
1.00 53.3 1.4 37.5 7.8 0.98 0.86 0.84

(3)

4

suspension is stirred for 10–15 minutes until the carrier is completely wetted. Bauxite-094 (B-94) was used as
the carrier. The calculated amount of Na2PdCI4 is adjusted with distilled water to 50 ml and then this solution
is transferred by impregnation to a beaker with a stirred suspension of the carrier. In order to achieve complete
palladium precipitation, the suspension is stirred for one hour. Completeness of palladium precipitation is
checked by negative reaction with potassium rhodanide. The catalyst is washed with distilled water until
neutral reaction, then is filtered, dried in a vacuum oven at 363 K for three hours.

Potassium humate-modified (PtH) palladium catalysts deposited on bauxite-094. Chemical
composition of bauxite-094: Аl2О3-35.1 %; SiО2-15.1%; Fe2О3-23.7 %.

Palladium catalysts deposited on bauxite-094 modified by PtH from the Oi-Karagai coal deposit were 
prepared as follows:

A weighed amount of bauxite (3 g) was added to 150 ml of distilled water, then a solution of PtH (0.7-
2.0 wt % relative to the weight of the carrier) and was added with stirring. Simultaneously, an aqueous solution 
of palladium chloride (1.0 wt. %) was added. The resulting catalysts were stirred for 3 hours and then washed,
filtered and dried at 383K for two hours.

Methods of experiments. Hydrogenation was carried out in a thermostatted catalytic “filling” at
atmospheric pressure and temperature of 20°С. Simultaneously, reaction rates (amount of hydrogen absorbed
per unit time, cm3/min) and catalyst potential (mV) relative to the calomel reference electrode were recorded
according to the procedure. Prior to the reaction, the catalyst was treated with hydrogen in a solvent (V= 25
cm3) until a reversible hydrogen potential was established. Hydrogenation was carried out in a kinetic mode
(700-800 rpm).

Hexene-1 hydrogenation selectivity coefficient was determined according to formula 1, migration
coefficient -С=С- bond – according to formula 2, isomerization coefficient – according to formula 3,
stereospecificity – according to formula 4. 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 (ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠+ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠),%

(1)

Kmigration= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−1+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2)

(2)

Kisomerization= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2,%
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2+𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−2),%

(3)

  𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠−ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠

(4)

Chromatographic analysis was carried out on a chromosome GC-1000 chromatograph (“Chromos”,
Russia) with a flame ionization detector in an isothermal mode using a polar phase capillary column BP21 
(FFAP) (PEG modified with nitroterephthalate) 50 m long and 0.32 mm in inner diameter. The column was
maintained at a temperature of 90°C, the temperature in the evaporation chamber was 200°C, the carrier gas
was helium, the volume of the injected sample was 0.2 μl. During the experiment, 2–3 samples of the liquid 
reaction mixture were taken for analysis.

Result and discussion
From the data in Table 2, it can be seen that the yield of the reaction products depends on the amount

of catalyst introduced into the reaction medium. Thus, for example, the yield of hexene-2 increases linearly to
0.5 g of nickel with an increase in the weighed amount of the catalyst. With a further increase in the weighed
amount of the catalyst (to 0.75-1.0 g Ni), the yield of hexane-2 decreases.

Table 2. The composition of the hydrogenate obtained by hydrogenating hexene-1 on skeletal nickel from Ni:Al (1:1) alloy
(the amount of absorbed hydrogen is given in terms of 0.5 mol H2)

Catalyst weight, g Reaction products, % Kmigration Kselectivit

y

Kisomerization

Hexane Hexene-1 Hexene-2
trans cis

0.05 45.0 39.3 11.3 4.4 0.29 0.36 0.72
0.15 51.1 29.8 13.8 5.3 0.38 0.58 0.74
0.25 46.5 7.3 33.5 12.7 0.88 1.01 0.74
0.50 50.1 2.5 33.9 13.5 0.95 0.78 0.76
0.75 51.1 2.3 34.2 12.4 0.96 0.96 0.73
1.00 53.3 1.4 37.5 7.8 0.98 0.86 0.84

(4)
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1.00 53.3 1.4 37.5 7.8 0.98 0.86 0.84
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Analysis of Table 2 shows that the amount of catalyst used in the hydrogenation 
of hexene-1 affects the ratio of the implementation of hydrogenation and migration 
processes -С=С- bonds. Thus, at the initial stage of Kmigration, with an increase in the 
weighed amount of catalyst from 0.05 to 1 g, it increases from 0.29 to 0.98, and the 
value of Kselectivity) — from 0.36 to 0.86 through a maximum of 1.01. These data indicate 
that in the case of a small catalyst weight application, the migration process proceeds 
at a rate half as faster as of hexane-1 hydrogenation, while in the case of large catalyst 
weights (1 g Ni) application, the reaction in hexane-2 formation proceeds 2 times faster 
than the reaction of hexane-1 hydrogenation.  

When hexane-1 is hydrogenated in the presence of skeletal nickel, a trans-isomer of 
hexane-2 is formed at the beginning of the reaction in a much larger amount than the 
cis-isomer. The value of Kisomerization- isomerization coefficient is 0.72-0.84. This value 
practically does not change until the disappearance of hexane-1 from the reaction and 
does not depend on the amount of weighed catalyst. At the end of the reaction, after the 
disappearance of hexane-1, Kisomerization value slightly increases due to the difference in 
the rate of hydrogenation of trans- and cis-isomers into hexane.

Thus, if the hydrogenation of hexane-1 is carried out on a sample of nickel catalyst 
equal to 0.15-0.5 g, then the Kmigration values will fluctuate within (by the time of absorption 
of 0.5 mol of hydrogen) 0.38-0.95. Based on the data obtained, it can be concluded that 
skeletal nickel belongs to a number of catalysts having a high isomerization capacity.

However, if we calculate the migration coefficient of skeletal nickel at a catalyst 
weighting of 0.05 g, then Kmigration will be 0.29. Therefore, skeletal nickel in terms of 
isomerization ability refers to a number of metals Pd, Rh, Pt, etc., weakly catalyzing 
migration of -С=С- bonds. 

The modification of skeletal nickel by various metals has a significant effect on 
the catalytic activity and isomerization capacity of the skeletal nickel catalyst during 
hexane-1 hydrogenation (Table 3), which may be due to a change in the energy state of 
the adsorbed hydrogen on the surface of the catalyst.

Chromatographic analysis results (Table 3, Figure 1) indicate a high activity of 
modified skeletal nickel catalysts in the migration reaction of -С= С-bond during 
hexane-1 hydrogenation.

Table 3. Hydrogenation of hexane-1 on multicomponent skeletal nickel catalysts
(conditions: Т=20 °С, Р Н2= 0.1 МPа, Vsolvent=25 ml (ethanol))

Alloy 
composition

Content Ni-Al-Ме, 
wt.%

WC=C ∆Einitial Kmigration St

Ni-Al 50-50 120 210 0.68 0.76
Ni-Al-Cu 40-55-5 150 150 0.53 0.75
Ni-Al-Zn 43-44-13 250 140 0.59 0.75
Ni-Al-Ti 47-50-3 119 290 0.66 0.76

Ni-Al-Pd 48-50-2 68 260 0.75 0.79

Ni-Al-Cr-Cu 42-50-3-5 115 170 0.47 0.77
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*WC=C is the specific activity of the catalyst in the hydrogenation of hexane-1, cm3 N2/min·g Ni;
∆Einitial   is the initial displacement of the catalyst potential, mV; 
St is the stereospecificity (cis-hexene-2/ trans-hexene-2).
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be due to a change in the energy state of the adsorbed hydrogen on the surface of the catalyst.
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catalysts in the migration reaction of -С= С-bond during hexane-1 hydrogenation.

Table 3. Hydrogenation of hexane-1 on multicomponent skeletal nickel catalysts
(conditions: Т=20 °С, Р Н2= 0.1 МPа, Vsolvent=25 ml (ethanol))

Alloy composition Content Ni-Al-Ме, wt.% WC=C ∆E initial Kmigration S t

Ni-Al 50-50 120 210 0.68 0.76
Ni-Al-Cu 40-55-5 150 150 0.53 0.75
Ni-Al-Zn 43-44-13 250 140 0.59 0.75
Ni-Al-Ti 47-50-3 119 290 0.66 0.76
Ni-Al-Pd 48-50-2 68 260 0.75 0.79
Ni-Al-Cr-Cu 42-50-3-5 115 170 0.47 0.77
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∆Einitial is the initial displacement of the catalyst potential, mV; 
S t is the stereospecificity (cis-hexene-2/ trans-hexene-2).

а)          b)

Figure 1. Change in the composition of the reaction mixture during hydrogenation of hexane-1
on skeletal nickel from Ni-Al-Pd (a) and Ni-Al-Cr-Cu (b) alloys
(conditions: Т=20°С, Р Н2= 0.1 МPа, Vsolvent=25 ml (ethanol))

Modification of Pd increases Kmigration from 0.68 to 0.75. Introduction of Cr-Cu, Ti, Cu and Zn into the
catalyst reduces the ability of the catalyst to move -С=С- bond (respectively Kmigration = 0.47-0.66). 
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Figure 1. Change in the composition of the reaction mixture during hydrogenation of hexane-1 
on skeletal nickel from Ni-Al-Pd (a) and Ni-Al-Cr-Cu (b) alloys
 (conditions: Т=20°С, Р Н2= 0.1 МPа, Vsolvent=25 ml (ethanol))

Modification of Pd increases Kmigration from 0.68 to 0.75. Introduction of Cr-Cu, Ti, 
Cu and Zn into the catalyst reduces the ability of the catalyst to move -С=С- bond 
(respectively Kmigration = 0.47-0.66). 

The catalyst activity increases when Cu and Zn additives are introduced into the 
initial metal alloy (WC≡C = 150-250 cm3/ min·g Ni), and Pd additives reduce it (WC≡C 

= 68 cm3/ min·g Ni). Additives Ti and Cr-Cu slightly affect the activity of the catalyst 
(respectively, WC≡C = 119 and 115 cm3/ min·g Ni). The strongest adsorption of hexane-1 
is observed on catalysts containing Ti and Pd (∆Einitial = 290 and 260 mV). Alloying of 
Cr-Cu, Cu and Zn alloy results in ∆Einitial decrease to 140–170 mV.  

Potassium Pd-humate/B-094 catalyst activity dependence on polymer concentration. 
Potassium humate (PtH) acts as a natural polymer in the formation of polymer-
metal complexes. The PtH content in the catalyst ranged from 0.5 to 2.0 wt. %. The 
concentration of the active phase was 1.0 wt. %. Polymer and palladium were applied 
to the carrier simultaneously at room temperature, pH =9. With constant stirring for one 
hour. The catalysts prepared in this manner were tested in a hexane-1 hydrogenation 
reaction. 

Table 4 shows the results of the study of the applied palladium catalysts during the 
hydrogenation of hexane-1. It can be seen from Table 4 that the maximum hydrogenation 
rate of hexane-1 is observed when the content of potassium humate in the catalyst is 1.0 
wt. %. In the presence of this catalyst, the reaction rate is 1.5 times greater than in the 
presence of the potassium humate-unmodified Pd/B-094 catalyst.

Table 4. Dependence of the catalyst activity on the concentration of the natural polymer during 
hexane-1 hydrogenation (conditions: solvent-ethanol, qcat=0.1 g, VН2 =100 cm3, T= 313K, Patm)

Catalyst PtH Waverage ml/min Wspecific ml/min·g ∆φ  мV

0.8% Рd /B-094 - 18.0 23.3 130
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1% Рd-PtHOi-Karagay/B-094 0.5% 19.3 38.6 110
0.75% 21.6 28.8 110
1.0% 27.0 27.0 120
1.5% 25.3 16.0 120
2% 25.0 12.5 130

Analysis of the obtained experimental data shows that the performance (as well 
as the specific activity) of the catalysts varies very widely with the variation in the 
concentration of the natural polymer. Typically, as 1-hexene is hydrogenated, the 
catalyst activity increases greatly as the polymer concentration in the initial catalysts 
decreases. When the polymer content in the catalyst is reduced from 2.0 to 0.5 wt. %, 
the catalyst activity increases from 12.5 to 38.6 ml/min·g.

Thus, the optimal concentration of PtH is 0.5 wt. %. Considering that potassium 
humate (polymer) and bauxite-094 (carrier) are materials of natural origin, the 
development of such catalysts is not accompanied by large economic costs, which is 
one of the main requirements for modern catalysts.

Table 5. Isomerization ability and selectivity of 1 % Рd-PtHOi-Karagay/B-094 during hexene-1 
hydrogenation

Catalyst PtH Waverage
ml/min

Kmigration Kselectivity Kisomiration ∆φ 
       мV

0.8% Рd /B-094 - 18.0 0.96 0.41 0.78 130
1% Рd-PtHOi-Karagai/B-094 0.5% 19.3 0.99 0.95 0.81 110

0.75% 21.6 0.98 0.83 0.80 110
1.0% 27.0 0.98 0.76 0.79 120
1.5% 25.3 0.97 0.62 0.77 120
2% 25.0 0.96 0.56 0.76 130

The results of chromatographic analysis show that the hydrogenation of hexene-1 
on 1 % Рd-PtHOi-Karagay/B-094 catalyst is accompanied by cis-trans-isomerization of the 
formed hexane-2 (Table 5). The isomerization capacity and migration coefficient of 
1% of PD-PtHOi-Karagay/B-094 catalysts increase with a decrease in the content of PtHOi-

Karagay in the initial catalysts from 0.78 to 0.81 and from 0.96 to 0.99, respectively. The 
selectivity factor decreases with increasing concentration in the initial catalyst from 
0.95 to 0.56.

Conclusion
Thus, as a result of the experimental work carried out, it is shown that the isomerization 

ability and migration coefficient of skeletal nickel depends on the amount of catalyst. 
The migration coefficient increases from 0.38 to 0.95 with an increase in the weight of 
skeletal nickel from 0.05 to 1.00 g.  It has been established that the activity of catalysts 
depends on the nature of the modifying additives.

Also, the dependence of the catalyst activity, isomerization capacity and migration 
coefficient of potassium Pd-humate on the polymer concentration has been studied. It 
has been shown that catalyst activity increases when the content of potassium humate 
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in the initial catalysts decreases. The isomerization capacity and migration coefficient 
of 1% of Pd-PtHOi-Karagay/B-094 catalysts increase with a decrease in the content of PtHOi-

Karagay in the initial catalysts.
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