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POLYSACCHARIDE-STABILIZED PALLADIUM NANOCATALYST
FOR SEMI-HYDROGENATION OF COMPLEX ALKYNOLS

Abstract. New Pd-Polysaccharide/ZnO catalysts with palladium content of 0.1%, 0.3%. 0.5% and 1.0% have
been developed and tested in the hydrogenation of long-chain acetylenic alcohols used as precursors for syntheses of
vitamins and pest-insect pheromones. Pectin and gelan were used as stabilizers of Pd nanoparticles (1-2 nm) fixed on
ZnO. TEM study confirmed uniform distribution of the dispersed metal on the surface of zinc oxide. The sizes of
palladium nanoparticles in the best catalyst were 1-2 nm. The catalysts with 0.5%wt.Pd demonstrated the highest
activity, selectivity to cis-alkenols and stability in multiple runs. TON is varied in the range of 6700-7500 for
hexadecinols. TON was 33000 for hydrogenation of 3,7,11,15-tetramethylhexadecin-1-0l-3 (C,y). A total
hydrogenated amount of this substrate on .05 g of 0.5% Pd-Pec/ZnO catalyst was 48 ml. Deactivation of the catalysts
is observed after 64 runs. TEM images showed partial leaching of twisted polymer-metal films from the surface of
ZnO.

Keywords. Pectin, gellan, polysaccharides, catalytic properties, hydrogenation, palladium catalysts, alkynols.

Introduction

The principles of green chemistry [1] are targeting to develop energy-saving selective processes for
the production of valuable chemicals. Many monomers and plasticizers, aromatic substances, vitamins,
pheromones, medicines and other biologically active substances are synthesized catalytically based on a
selective hydrogenation of long-chain (C;o-C,) acetylene compounds into olefin derivatives [2-9]. These
reactions are often carried out at high temperatures and pressures with rather low yields of targeted
products. In this case the selection of the proper catalyst is very important. The use of modern
nanotechnology approaches for creating new types of nanosized catalysts makes it possible to improve
these drawbacks.

Supported catalysts are usually used in the chemical industry, energy, and environmental protection.
This is due to the fact that their properties depend on the structure and sizes of the active phase. Reducing
its content in the surface of the support leads to a decrease in the particle sizes of the deposited metals and
an increase in the number of active centers for catalytic acts and therefore to an increase in the rate and
selectivity of the reaction. Polymers with different functional groups are used as one of the
nanotechnology approach to synthesize metal nanoparticles and catalysts [10-15]

We have developed a simple method of catalyst preparation based on interaction and stabilization of
metal nanoparticles by polymers on the surface of inorganic sorbents (natural and synthetic zeolites, metal
oxides) [16, 17]. The developed technique allows to obtain catalysts for selective hydrogenation of wide
range of unsaturated compounds [16-22].

The present work demonstrates the possibilities of using an environmentally friendly natural polymers
as pectin and gellan to stabilize palladium nanoparticles on the surface of zinc oxide. The developed low-
percentage catalysts were studied in the semi-hydrogenation of complex acetylene alcohols. The obtained
olefin derivatives are used in the syntheses of vitamins and pest insect pheromones [5].
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Experimental part

The method of sequential adsorption of polymer and metal salt from water solutions was used for the
preparation of palladium catalysts [22].

The acetylenic alcohols: 3,7,11,15-tetramethylhexadecin-1-0l-3 (C,); 9-hexadecin-1-ol (9-HD-1-ol)
and 11-hexadecin-1-ol (11-HD-1-o0l) were purchased from Sigma Aldrich and used without additional
purification.

Ethanol (reagent grade), palladium chloride (PdCl,, 59-60% Pd, Sigma Aldrich), pectin (Pec, M,, =
15000, the content of uronide components is 90.3%, the degree of esterification is 23.7%, Sigma Aldrich)
were also used without additional purification. Zinc oxide (chemically pure) was used as an inorganic
support.

Palladium amount in the Pd-Pec/ZnO catalysts was varied from 0.1 to 1.0 wt.% from total composite
content. The palladium content in mother liquors before and after metal adsorption was determined from
photoelectric colorimetry data, which were obtained on a SF-2000 UV/Vis spectrophotometer (OKB
Spectr, Russia) based on calibration curves constructed at the wavelength A = 425 nm.

TEM (transmission electron microscopy) of catalyst samples were studied on a JEM-2100
transmission electron microscope (Jeol, Japan) with an accelerating voltage of 100 kV.

The acetylenic alcohol hydrogenation was carried out in thermostatic reactor in ethanol (25 ml) at
40°C and atmospheric hydrogen pressure. Before the reaction the catalyst was saturated with hydrogen for
30 minutes and the tested substrate was injected to the reactor. Hydrogen uptake was measured and
reaction products were detected by chromatographic analysis (“Khromos”, Russia). The catalyst
selectivity was calculated as the proportion of the target product to the sum of all reaction products at a
given conversion.

Results and Discussion

The developed Pd-Pec/ZnO catalysts with 0.1wt.%; 0.3wt.%; 0.5wt.% and 1.0wt.% of Pd have been
tested in the hydrogenation of 3,7,11,15-tetramethylhexadecin-1-ol-3 (Cy,); 9-hexadecin-1-ol (9-HD-1-ol)
and 11-hexadecin-1-o0l (11-HD-1-ol). The produced olefins of the semi-hydrogenation of these complex
acetylene compounds are used in fine chemistry for production of biologically active substances.

The Cy acetylene alcohol is hydrogenated with high rate and stability at multiple runs on the same
1% Pd-Pec/ZnO catalyst sample (Table 1). However, the selectivity to the olefin alcohol is quite low
(49.9%). Probably, the alkenol is reduced to 3,7,11,15-tetramethylhexadecanol-3 without desorption from
the catalyst into the reaction medium.

Table 1 - Hydrogenation of C, acetylene alcohol on Pd-Pec/ZnO catalysts with various content of palladium

Pd content, % | W*10™, mol/l ¢ | S, % | TON
Pd-Pec/ZnO
1,0 14.8 49.9 10000
0,5 6.6 89.4 33000
0,3 1.7 58.3 550
0,1 0.8 66.1 -
Reaction conditions: 0.05g catalyst; C,o= 0.75 ml; 25 ml ethanol; T-40°C; P-1 atm

A decrease in the metal content in the catalysts from 1.0 to 0.1% leads to a significant decrease in the
reaction rate, but the selectivity of the process passes through a maximum attributable to the catalyst with
0.5% metal content (Table 1). It was shown that in 4 minutes the total acetylene alcohol was converted to
the olefinic alcohol on this catalyst (Figure 1).
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Figure 1 - Hydrogenation of C,, acetylene alcohol on 0.5% Pd-Pec/ ZnO. Diagram of the composition of the reaction mixture:
(1) Cyg acetyltnic alcohol, (2) C,olefinic alcohol, (3) Cyp alcanol. Reaction conditions: catalyst sample weight, 0.05 g;
temperature, 40°C; H, pressure, 0.1 MPa; solvent, ethanol (25 mL); initial Cyy acetylene alcohol amount, 0.25 mL

Reaction composition mixture, %

Time, min

The amount of the saturated alcohol at this time does not exceed 8%. This catalyst also showed the
highest stability. TON reaches 33,000 (catalytic acts per 1 palladium atom).

The catalyst was washed with water after 39, 57 and 64 runs of Cy alcohol hydrogenation [21]. This
treatment lead to a noticeable increase in the reaction rate. A total amount of substrate hydrogenated on
.05 g of 0.5% Pd-Pec/ZnO catalyst was 48 ml.

According to the TEM data, the initial catalyst (Figure 2, a) is characterized by the uniformly
distributed palladium nanoparticles (1-2 nm) in a bulk polymer matrix fixed on the support. A change in
the texture of the surface polymer-metal composite is observed in the catalysts’ samples taken after 39, 57
and 64 hydrogenation runs. The polymer matrix swelled in the sample tested after the 64 run (Figure 2, c),
a partial peeling of the surface polymer layer is observed on the catalyst. New structures have also been
observed. (Figure 2, d). Twisted polymer-metal films in a form of “stars” were appeared separately from
support.

Figure 2 — Microphotographs (TEM) of Pd-Pec/ZnO catalyst. a - initial; b - after 39 runs; ¢ and d - after 64 runs
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The introducing gellan instead of Pec leads to the formation of a less active, but more selective
catalyst. Such behavior can be explained by differences in the structure of these polysaccharides. Pectin is
characterized by one sucrose group in the monomer, as well as a gellan has four such groups . The process
slows down sharply after the nearly complete conversion of Cyy alkynol to alkenol on 0.5%Pd-Gel/ZnO
catalyst. Selectivity reaches 96% (Figure 3).

100

/l
|

S 1 2/

g 80 e

2

X

IS

.5 60 )

g

o

£

S 40 2

o

g °

I3

S 204 o

o

S 3

0 A a4 AT . . . ; ; '

0 5 10 15 20
Time, min

Figure 3 - Hydrogenation of C,, acetylene alcohol on 0.5% Pd-Gel/ZnO. Diagram of the composition of the reaction mixture:
(1) Cyp acynol; (2) Cypalkenol; (3) Cy alkanol. Reaction conditions: my,,-0,05g; ethanol-25ml; T-40°C; P-1 atm

Thus, polysaccharide containing catalysts are complex composites including bulk polymer layer with
dispersed palladium nanoparticles inside, which is chemosorbed on the surface of ZnO. The catalysts
showed high activity and selectivity in semi-hydrogenation of acetylenic alcohols. It is confirmed by
hydrogenation of hexadecinols.

Hydrogenation of 9-hexadecin-1-ol (9-HD1-ol) and 11-hexadecin-1-o0l (11-HD-1-ol) into cis-alkenols
is the most important reaction in synthesis of some pect insect pheromones [6]. The results of the
hydrogenation are presented in the Table 2.

It was found that the hydrogenation of 9-HD-1-ol on 0.3 and 0.5% catalysts proceeds at almost the
same rates (2.4-2.9 * 10™ mol /1 s). In the case of 9-HD-1-ol, the activity of the catalyst increases with
increasing palladium content. At the same time, the selectivity of the process on all studied catalysts
reaches 100%.

Table 2 — The results of hydrogenation of hexadecins on Pd-Pec/ZnO and Pd-Gel/ZnO catalysts

Pd content in catalysts, wt.% | W*10™, mol/l s | Seis-c=c, %o | TON
Pd-Pec/ZnO
11-hexadecin-1-ol
0.1 1.9 100 -
0.3 2.4 100 4400
0.5 2.9 100 7200
9-hexadecin-1-ol
0.1 4.7 100 -
0.3 12.2 100 -
0.5 26.2 100 6700
Pd-Gel/ZnO
11- hexadecin-1-ol
0.5 | 27 | 100 | 7500
9- hexadecin-1-ol
0.5 | 3.3 | 100 | 6900
Reaction conditions: 0.05g catalyst; 25 ml ethanol; T-40°C; P-1 atm
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According to chromatographic analysis, in the first 5 minutes, around all of the starting acetylene
alcohol is converted to cis-olefin on 0.5% Pd-Pec/ZnO (Figure 4). Only trace amounts of saturated alcohol
are detected in the reaction mixture. This catalyst also demonstrates maximum stability during repeated
process runs, TON = 6700-7200 (Table 2).
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Figure 4 - Hydrogenation of 9-HD-1-ol on 0.5% Pd-Pec/ ZnO. Diagram of the composition of the reaction mixture:
(1) C ackynol; (2) Calkenol; (3) Cy alkanol. Reaction conditions: m,,,-0,05g; ethanol-25ml; T-40°C; P-1 atm

In contrast to the catalyst modified with Pec, the hydrogenation rate of both of 9-hexadecin-1-ol and
11-hexadecin-1-ol on 0.5% Pd-Gel/ZnO is lower (Table 2) while selectivity to cis-alkenol remains 100%
and TON also rather high.

Thus, the developed 0.3-0.5% Pd-Pec/ZnO and 0.5% Pd-Gel/ ZnO catalysts are active, stable and
stereoselective hydrogenation catalysts for hydrogenation of complex acetylene alcohols.

Conclusions

Thus, taking into account the principles of green chemistry, the low-percentage palladium catalysts
stabilized with polysaccharides have been developed. The process of their synthesis was carried out at
ambient conditions from water solutions. These catalysts are characterized with high dispersion of Pd
nanoparicles (1-2 nm) evenly distributed on the surface of zinc oxide. The catalyst with 0.5% of Pd
demonstrated high activity, stability and selectivity in semi-hydrogenation of complex alkynols. The
obtained alkenols are used as biologically active substances, as vitamins and insect pheromones osed in
agriculture to predict the development of insect pests and reduce the number of field treatments with toxic
pesticides.
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A.K. KapmaraméGerosa', M. )KypsiHoB
«J1.B. Coxonbckuii arsiHarsl XKanapmail, kaTanu3 skoHe 21eKTpoxuMusa HHCTUTYTel» AK, Anmatsl, Kasakctan

AJIKMHOJI KOMILIEKCTEPIH )KAPTBLIIAM THAPJIEYTE APHAJFAH NOJIMCAXAPH/I-
TYPAKTAJIFAH TAJLJTAJIAA HAHOKATAJIM3ATOPJIAPBI

Annoranus. Kypameiaaa 0,1%, 0,3%, 0,5% xone 1,0% Pd 6onateid xana Pd-nonucaxapun/ZnO katamusaTop-
Japbl BUTAMHHICP MEH TEKTHUHAI KOHIIKTEPIiH (EpPOMOHIAPBIH CHUHTE3/CY YIIIH MNPEKypcopiap peTiHae
KOJIZIAaHBUIATBIH Y3bIH Ti30€KTi alleTW/ICH CIUPTTEpIiH Tuipiey ypaici yumiH o3ipienai. IlektuH meH reman ZnO
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oekitinrer, Pd (1-2 uM) HaHOOONIIEKTEPIH TYPAKTAHIBIPFBIN peTiHae mainamaHeuigsl. TEM 3eprreyi aucmepcTi
METalABIH MBIPBII OKCHAIHIH OeTiHe OipKenKi TapaixybslH pacTaibl. EH JKaKChl KaTalnM3aTOpAArbl Maiuiagnuit
HaHoOemmekTepiniy Memmepi 1-2 am 6omasl. Kypameiaaa Pd memmepi 0,5% GomaTsiH Katann3aTopiap €H JKOFaphl
OCIICCHIUTIKTI, IIUC-aJIKSHOJIAp YIIiH CeJCKTUBTLIIKTI )KOHE KaiiTajgaMa ChlHaKTapa TYPaKThLUIBIKTEI KepcerTi. TOH
rexcagekonuuaep ymin 6700-7500 apaneireiaga Oomager. TOH 3,7,11,15-tetpamermnrekcanekut-1-om-3 (Cyg)
rugpiey ypaici yuria 33000 kypadgel. 0,5% Pd-ITEK/ZnO kartanuszatopeibin 0,05 © geiiH rugpieHreH
CyOCTpaTThIH x)aiumbl Memmepi 48 mut Ooonasl. KaTamusatopaslH Je3akTUBAIMICH 64 OTHecH KeliH Oaiikamaipl.
[1ODM kemerimMeH anbiHFaH cyperrep ZnO OeriHeH OypaiFraH MNOJIMMEPIIi-METaUl IJICHKAIAPBIH JKapThUIaid
CUITICI3IIITIH KOPCETTI.

Tyi#iin ce3mep. I[lexTwH, TemiaH, MOMUCAXapuUATEp, KATAIUTUKAIBIK OCJICEHAUNK, THApJCY, MMaiaauid
KaTaJIU3aToOPhI, ATIKHHOJIAP.

UDC 547.1.661.123:542.941.7:547.36
A.K. Kapmaramberosa, M. ’Kypunos
AO «MHCTUTYT TOIUIMBA, KaTtanu3a u 3nekTpoxumun um. JI.B. Cokonbsckoro», AnMartsl, Kazaxcran

MNOJINCAXAPU-CTABUJIN30BAHHBIE HAHOKATAJIN3ATOPBI ITAJIVIA AU
IS HOJTYTUAPUPOBAHUS KOMIIVIEKCOB AJIKMHOJIOB

Annoranus. Hoseie Pd-momicaxapun/ZnO karanuzatopsl ¢ conepkanneM namranust 0,1%, 0,3%, 0,5% u 1,0%
OBpUTH pa3pabOTaHbl M WCIBITAHBI B TUAPUPOBAHUH ITHHHOICTIOYCYHBIX AIlCTHICHOBBIX CITUPTOB, UCIOIB3YEMBIX B
KayecTBe MPEKypCOpPOB Ui CHHTE3a BHTAMHHOB M (DEPOMOHOB HAcCEKOMBIX. [IeKTHH W TelaH HCIIONB30BANIA B
KadecTBe crabmunuzatopoB HaHodacTur Pd (1-2 HMm), 3akpemneHHsix Ha ZnO. TEM wuccnemoBaHue MOATBEPINIO
paBHOMEpPHOE paclpelelieHHe AWCIEPCHOT0 MeTajula Ha TIOBEPXHOCTH OKCHAA LWHKA. Pa3Mepsl HaHOYACTHUI]
najulaivse Ha JIydiieM Karanusatope cocraBiusin  1-2  HM.  Kartammzartopel ¢ coxmepxanuem 0,5% Pd
MPOACMOHCTPHUPOBAJIM HAWBBICIIYHO AKTUBHOCTBH, CCJICKTUBHOCTbL II0 MHUC-AJIKCHOJIAM U CTa6I/lJ'II)HOCTI) npu
MHOTOKpaTHOM wucnoib3oBanuu. TON Bapeupyercss B auamazone 6700-7500 mist rexcageumnonoB. TON mpu
rugpupoBanun  3,7,11,15-terpamermnrekcanenun-1-om-3  (Cy) cocraBaster 33000. OOmee KOIMYECTBO
nporunpupoBanHoro cybocrpara Ha 0,5% Pd-IIEK/ZnO xarammszatope ¢ maccoi 0,05 r cocraBuio 48 wmur
Jle3akTuBanus Karaiu3aTopoB HaOmomaercs mocie 64 mopuuu. Jamseie [IOM  mokasanu  4YacTHYHOE
BEIIIEIAYNBAHNE CKPYUSHHBIX TOJIMMEP-METAJUIMIECKHUX IDICHOK C moBepxHOCTH ZnO.

KiaroueBble cioBa. [lekTwH, TelUlaH, MONUCAXapUAbI, KaTalUTHYeCKas aKTUBHOCTh, THIPHUPOBAHUE,
MaJDIaTAeBBIE KaTaN3aTOPbI, AIKHHOIIBL.
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