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Abstract

A series of selective hydrogenation reactions, cinnamaldehyde to cinnamyl alcohol, crotonaldehyde to crotyl alcohol, citronellal to citronellol
and o-chloronitrobenzene to-chloroaniline, were studied over polymer-stabilized nanoscale noble metal colloid catalysts in solutions. Metal
cations and metal complex ions significantly affected the catalytic performances of the noble metal colloidal nanocatalysts. Some metal cation
increased both the activity and the selectivity of the nanosized catalysts, and metal complex ions exhibited more complicate effects.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction some metal complex ions also showed substantial modification

effect on the catalytic properties of metal colloid nanocatalysts

Colloid science is of ancient lineage. It was founded and78,79]
developed by many pioneers including Selmi, Faraday, Graham, This paper reviews our efforts on the singular modifica-
Tyndall, Rayleigh, Ostwald, Mie, Bredig and Rid¢&]. Then, tion effects of metal cations and metal complex ions on the
Turkevich and Kim[2] and Nord et al[3-5] carefully studied above-mentioned selective catalytic hydrogenation reactions
the formation mechanism of colloidal particles and the catalyti®ver noble metal colloidal nanocatalysts in liquid medium, and
application of synthetic polymer-stabilized noble metal col-attempts to find some clues for the mechanj8+-83}
loids, respectively. Due to the rapid development of nanoscience
and nanotechnology, the ancient colloid science is given a new
life. 2. Materials and instruments

Because of their great differences from single molecules and
bulk materials, nanoscale materials, including colloids, have PVP (average molecular weight 40 000) was supplied by
attracted much attention since the last decade, especially BASF. Sodium borohydride (NaB#fl was purchased from
the field of catalysis, particularly through the contributions of Sigma.1, 3 and5 were purchased from Acros and were redis-
Bradley et al.[6,7], Torigoe and Esumj8], Klabunde et al. tilled under reduced pressure before Useas recrystallized in
[9-11], Lewis and Lewi$12,13] Moiseev etal[14,15] Schmid  95% ethanol. Other reagents were provided by Beijing Chemi-
et al.[16,17], Bonnemann et a[18-20] Reetz et al[21-23]  cals Corporation and had a level of analytical grade. Hydrogen
Gates et al[24,25], Hirai et al.[26-32] Pileni et al.[33-35]}  (H2) with a purity of 99.999% was supplied by Beijing Gases
Finke et al.[36—38] and many other researche39-53] Factory.
Owing to the intrinsic thermodynamic instability, studies on  Transmission electron microscopy (TEM) photographs were
the catalytic application of colloidal nanoparticles (nanocatataken by using a Hitachi-9000NAR instrument. Specimens
lysts) have mainly focused on the reactions conducted undevere prepared by placing a drop of the colloidal dispersion
mild conditions, such as hydrogenation of monoenes or dienegpon a copper grid covered with a perforated carbon film
[29,39-41,54-56]hydration of acrylonitrile[28,31] and oth-  and then evaporating the solvent. The particle diameters were
ers[20,43,57-59]at ambient conditions. For the same reasonmeasured from the enlarged photographs and the particle size
few papers reported the influence of additives to the catalytidistribution histograms were obtained on the measurements
systems of neat metal colloi¢0]. Itis well known in heteroge- of at least 400 randomly selected individual nanoparticles.
neous catalysis that additives, such as ions, can markedly affe€he hydrogenation products were analyzed by a Bei-Fen SQ-
the catalytic properties of the cataly$€&il,62] This has been 204 gas chromatography (GC) using a 2-m PEG-20M column
studied by Adams et a]63-65] Maxted[66,67], and recently (for catalytic hydrogenation of, 3, 5) or a DC-710 column
reviewed in detail by Ponef68] and Gallezot and Richard (for 7).
[69].

In the homogeneous liquid-phase selective hydrogenation
of unsaturated aldehydes to unsaturated alcohols, e.g. ciB: Preparation and characterization of PVP-stabilized
namaldehyde (3-phenyl-2-propens),to cinnamyl alcohol (3- metal colloids
phenyl-2-propene-1-oR) [70-72] crotonaldehyde (2-butenal,
3) to crotyl alcohol (2-butene-1-od) [71,72] citronellal (3,7- Hirai et al. have carried out a comprehensive study on the
dimethyl-6-octenal,5) to citronellol (3,7-dimethyl-6-octene- preparation of nanoscale noble metal colloids by alcohol reduc-
1-ol, 6) [54,72,73] and the selective hydrogenation of  tion[27,29] The PVP-stabilized Pd, Pt colloids (PVP-Pd, PVP-
chloronitrobenzenéfj to o-chloroaniline 8) [74—77] catalyzed Pt) and Pd/Pt bimetallic colloids (PVP-Pd/Pt) we used were
by the poly{v-vinyl-2-pyrrolidone) (PVP)-stabilized nanoscale synthesized by similar ways, but with some improvemsitd
Pd, Pt, Ru colloids and Pd/Pt, Ru/Pt, Ru/Pd bimetallic colloidsThe PVP-stabilized Ru and Ru/Pt, Ru/Pd colloids (PVP-Ru,
we found that considerable increases in both the selectivity anBVP-Ru/Pt, PVP-Ru/Pd) were prepared by NaBidduction
the activity were observed when employing some metal cationfs4,75]. For clarity, the detailed syntheses were described as
(Fe*, C?*, Ni%*, etc.) as modifiers. It has also been found thatfollows.
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Fig. 1. TEM photograph (left) and the particle size distribution histogram (right) of PVP-Pt.

3.1. Preparation and characterization of PVP-Pt, PVP-Pd 3.2. Preparation and characterization of PVP-Ru,
and PVP-Pd/Pt colloids PVP-Ru/Pt and PVP-Ru/Pd colloids

In a 500mL flask equipped with a condenser, an oil In a 500 mL flask, 1.04g PVP (9.3610~3mol) was dis-
bath and a magnetic stirrer, 1.11g PVP (1:0D0?mol as  solved in a mixed solvent of 200 mL methanol and 160 mL
monomeric unit) and 0.130 g4RtCls-6H,0 (2.50x 10~*mol)  distilled water. Then, 0.115g Rug§tH,0 (4.68x 10~4mol)
were dissolved in a mixed solvent of 130 mL methanol andvas added and dissolved. Forty milliliters of freshly made aque-
150 mL distilled water; then 20 mL 0.1 M methanol solution ous solution of NaBH (0.177 g, 4.68< 103 mol) was poured
of NaOH was added dropwise with vigorous stirring. Theinto the vigorously stirred solution swiftly, and the color of the
reaction mixture was refluxed for 3h to give a homoge-solution changed quickly from dark red-brown to gray blue to
neous black colloidal solution—PVP-#1]. The TEM pho- dark black in less than 1 s. This dark black solution was stirred
tograph showed that the average diameter of PVP-Pt cofor 6 h to give the PVP-stabilized ruthenium colloid (PVP-Ru)
loid was 1.1 nm and the size distribution was narrow within[54]. Its average size and the standard deviation were 1.4 and
a range of 0.6-1.8nm with a standard deviation of 0.30 nn®.51 nm, respectively.

(Fig. 1. PVP-Ru/Pt colloids were prepared as folloj@§]. 0.0289 g

PVP-Pd colloid was synthesized according to the literaturdlRuCk-nH,O (1.17x 10~*mol), 0.0606g HPtCl-6H,0
[29]. 0.0443 g PdGI (2.50x 10~4 mol) was firstly stirred with  (1.17x 10~4mol) and 0.520g PVP (4.68 103 mol) were
150 mL ethanol for 24 h at room temperature, then 150 mL disdissolved in a mixed solvent of 100 mL methanol and 80 mL
tilled water and 1.11 g PVP (1.0010-2mol) were added into  distilled water to form a dark red-brown solution. Twenty
the solution. After refluxing the reaction solution for 3 h, ahomo-milliliters of freshly made aqueous sodium borohydride
geneous black colloidal dispersion, PVP-Pd, was obtained. Th@®.0885g, 2.34 10-3mol) was then added quickly to the
average particle diameter was 2.7 nm with a standard deviatiosolution with vigorous stirring. The color of the solution
of 0.59 nm. changed to black in about 1s. This dark black solution was

PVP-Pd/Pt colloids were prepared similarly. Firstly 0.0443 g
PdChb (2.50x 10~4mol) was stirred with 150mL ethanol e 1
for 24h, then 0-130§2J PPtCl-6H,O  (2.50x 1074 mol),  Characterization of PVP-Pd/Pt colloids by TEM
3ve2r2eg a(lji:(;/elz. (%f(l)g( rt(;_ctirgr?l)ms(rt]greli\(l)ar: Lre:cjllus)tl(lalgdfo\:vzgehr tnCoIIoid Average diameter (nm) Standard deviation (nm)

produce a homogeneous black colloidal dispersion, PVPEVP-Pd/Pt(4/1) 2.6 0.39

: : PVP-Pd/Pt(3/1) 2.3 0.40
Pd/Pt(1/1). Changing the relative amounts of Bd@hd PVP-PA/PH(2/1) 23 0.38
H,PtCl-6H,O by keeping the total amounts (in mole) of PVP-PA/PY(1/1) 29 031
the metals constant, PVP-stabilized Pd/Pt bimetallic colloid$vp-pd/pi(1/2) 2.2 0.33
with different molar ratios were obtainedable 1 shows PVP-Pd/P(1/3) 29 0.39
the TEM characterization results of a series of PVP-Pd/PPVP-Pd/Pt(1/4) 17 0.30

colloids. a Preparation condition: molar ratio of PVP:(Pd + Pt) = 40:1.
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Table 2 The hydrogenation reaction solution ®fcontained 40 mL

Characterization of PVP-Ru/Pt colloids by TBEM EtOH, 1.0 mg NaOH, 0.5008(3.24 x 10-3 mol), 1.00 g ethy-

Colloid Average diameter (nm) Standard deviation (nm) lene glycol (internal standard for GC analysis), 20 mL PVP-Pt
. ; . o’

PVP-RU/PO/1) 13 0.35 or PVP-FS[; dispersion (containing 2.34107> mol Pt or Ru,_

PVP-RU/Pt(4/1) 2.0 0.63 1.17x 10~° mol PVP, 10 mL BO and 10 mL EtOH) and certain

PVP-Ru/Pt(2/1) 2.1 0.55 metal salt; the pressure of;Hvas 6.0 MPa. The hydrogena-

PVP-Ru/Pt(1/1) 17 0.49 tion reaction was performed at 333K for 2 h with 6.0 MPa H

PVP-RuU/Pt(1/2) 2.7 0.62 [54 72 73]

PVP-Ru/Pt(1/4) 3.0 0.74 L

The typical selective hydrogenation Gfto 8 was car-
& Preparation conditions: molar ratios of PVP:(Pt+Ru)=20:1 andried out at 303K and atmospheric press{ifé—77,79] In a
NaBh:(Pt+Ru) =10:1. two-necked flask equipped with a magnetic stirrer and a ther-
mostatic water bath, there were placed 2.0 mL noble metal
stirred for 6 h to give PVP-stabilized Ru/Pt bimetallic colloid clloidal nanocatalyst (PVP-Pt, PVP-Pd, PVP-Ru, PVP-Pd/Pt,

ini 6
with the molar ratio of Ru/Pt=1/1 (PVP-Ru/Pt(1/1)). Varying PVP-Ru/Pt, or P4VP'RU/Pd- containing 4.80.0"°mol noble
the amounts of RuGlnH,0 and HPtCk-6H,0 by maintaining metal, 2.40x 10~* mol PVP), 0.10 mlz-decanol (internal stan-
the total amounts (in mole) of the metals constant, PVP-Ru/P#ard for GC) and 11.9 mL MeOH. Hvas charged several times
bimetallic colloids with different molar ratios of Ru/Pt were O replace air and the catalyst was activated at 303 K for 60 min.
obtained. The characterization data are liste@iible 2 The reaction started right after 1.0 mL methanol solution of
PVP-RU/Pd colloids were prepared similar to those of! (Containing 1.00< 10~°mol 7) was injected into the flask.
PVP-Ru/Pt colloids except usingAdCL-nH,O (converted The hydrogen consumption was monltore_d with a graduated gas
from PdCh by concentrated hydrochloric acid) instead of Purette. When the volume of the theoretical uptake pfws
H,PtCls-6H,0 [75]. Table 3summarizes the TEM character- €ached, the reaction was stopped and the reaction solution was
ization results of PVP-Ru/Pd colloids. analyzed by GC. _ _
All the nanoscale metal colloids used in the selective hydro- The selective hydrogenation &f to 8 was also carried
genation of7 to 8 were re-dispersed in methanol after beingOUt under high pressure of;Hn a stainless steel autoclave

. . : : : 5
dried by rotatory evaporation at 310 K under reduced pressurd84]- The reaction solution contained 1.87.0™> mol PVP-
Ru colloid, 1.87x 10~°>mol metal salts or metal complexes,

. . 1.00x 103 mol 7, 0.10 mL n-decanol (internal standard for
4. Hydrogenation reactions GC) and MeOH (the whole volume was 15.0mL). The reac-

) ) ) ) tion time was normally 120 min.
Hydrogenation ofl was carried out in a 100 mL stainless

steel autoclav§Z0-72] The reaction solution contained 40 mL
EtOH, 1.0mg NaOH, 1.00d (7.58x 10-3mol), 1.00gn-
tetradecanol (as an internal standard for GC analysis), 20m
PVP-Pt colloidal dispersion (containing 2.25.0~°mol Pt,
1.13x 103mol PVP, 10mL HO and 10mL EtOH) and
selected metal salt. The autoclave was charged several tim
with H» to replace air and the final pressure of\ias 4.0 MPa.
The hydrogenation reaction was performed at 333K for 1.5h
The reaction products were periodically analyzed by GC.

Hydrogenation of3 was similar to that ofl [71,72] The
optimized reaction conditions were: 20 mL EtOH, 10 mpQ4
3.0mg NaOH, 1.00@ (1.43x 10-2mol), 0.200 g isobutanol
(internal standard for GC analysis), 2.29.0~° mol PVP-Pt or
PVP-Ru (containing 1.18 10~3mol PVP). The reaction time
was 3h at 333K.

5. Modification effect of metal cations to PVP-stabilized
Eoble metal colloidal nanocatalysts

5.1. Selective hydrogenation of 1 to 2 over PVP-Pt colloid
éé0—72 ]

The selective hydrogenation afB-unsaturated aldehyde to
the corresponding,B-unsaturated alcohol is an important step
for synthesis of fine chemicals. It is very easy for most ordi-
nary heterogeneous and homogeneous catalysts to reduce the
C=C double bond to yield hydrogenated cinnamaldehyde (3-
phenylpropanal9) as the main productScheme 1reaction
(2)); it is comparatively difficult for them to reduce the=O
double bond only to selectively produ2dScheme lreaction
(1)) [69,85,86]

When neat PVP-Pt colloid was employed alone as a catalyst,
Table 3 12.0% selectivity t@ with 37.5% conversion of was obtained;
Characterization of PVP-Ru/Pd colloids by TEM when FeC4 or CoCh was introduced into the catalytic system,

Colloid Average diameter (nm) Standard deviation (nm)
PVP-Ru/Pd(4/1) 2.2 0.57  CHoCH-CHoOH
PVP-Ru/Pd(2/1) 35 0.74 H % O . ~e
PVP-RU/Pd(1/1) 3.7 0.66 ©-emecrco | e O—cricricrzon
PVP-RU/Pd(L/2) 3.4 0.82 1 w2 0
PVP-RU/Pd(1/4) 2.7 0.67 (©—cracHat-0

9

@ Preparation conditions: molar ratios of PVP:(Pt+Ru)=20:1 and
NaBH;:(Pt+Ru)=10:1. Scheme 1.
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Table 4
Hydrogenation ofl to 2 over PVP-Pt-MC]| catalytic systenfs
Catalytic system Average rate (midimol Pth) Conversion of (%) Selectivity (%)

2 9 10
PVP-Pt 84.2 375 12.0 80.0 8.0
PVP-Pt-LiCl 57.9 25.8 15.7 75.0 9.3
PVP-Pt-NaCl 85.9 38.3 141 74.9 11.0
PVP-Pt-KCI 83.1 37.0 13.8 78.2 8.0
PVP-Pt-MgCh 81.7 36.4 33.8 55.2 11.0
PVP-Pt-CaCl 70.3 31.3 30.5 59.5 10.0
PVP-Pt-Ba(NQ)2 88.7 39.5 28.1 57.4 14.5
PVP-Pt-MnC} 75.7 33.7 57.6 31.7 10.7
PVP-Pt-AICk 68.5 30.5 34.3 58.2 17.5
PVP-Pt-Ced 69.2 30.8 30.7 54.3 15.0
PVP-Pt-Nd(NQ)3 78.6 35.0 25.7 62.1 12.2
PVP-Pt-CuGl 0 0 - - -
PVP-Pt-ZnC} 29.2 13.0 99.8 0.2 0
PVP-Pt-Pb(NQ), 0 0 - ~ N
PVP-Pt-Fed 187.5 83.5 98.5 15 0
PVP-Pt-FeSQ@ 185.3 82.5 98.5 15 0
PVP-Pt-CoGJ 186.2 82.9 98.8 1.2 0
PVP-Pt-NiCh 115.7 51.5 34.4 50.6 15.0

a Molar ratio of M:Pt=1:1. Reaction conditions: 40 mL EtOH, 1.0 mg NaOH, 1.0¢%58x 103 mol), 1.00 gr-tetradecanol (internal standard for GC), 20 mL
PVP-Pt colloidal dispersion (containing 2.25.0~> mol Pt, 1.13x 10-3 mol PVP, 10 mL HO and 10 mL EtOH) and 2.25 10~° mol metal salt; 4.0 MPa }j 333K
and 1.5h.

b 9=3-phenylpropanall0 = 3-phenylpropan-1-ol.

the activity was enhanced 120% (conversion odached 83%) tle onthe activity butincreased the selectivity from 12.880%
and the selectivity t@ increased to 98.5%d@ble 4. (57.6% for Mrf*); (c) CU**, PE?* or Zré* usually acted as poi-
Itwas found that CoGland Co(NQ), led to the same activity sons to the catalyst, and here, they indeed poisoned the activity
and the same selectivity in a wide concentration range with thef PVP-Pt (conversions of were 0, 0 and 13.0% with G,
molar ratio of C8*:Pt from 1:20 to 20:1Kig. 2). This indicates ~ P** and Zrf*, respectively, but the selectivity was 99.8% with
that weakly coordinating anions, such as C8Qy>~, NOs~,  Zn?"); (d) F€*, F&* and Ca&* remarkably enhanced both the
OAc™, etc. act merely as spectator ions. In another word, theelectivity and the activity and Rl exerted a moderate effect.
modification effects are resulted from the metal cations. The The metal cations added in the reaction system can be com-
modification effect of metal cations can be classified into fourpletely recovered with their original oxide states under the reac-
types (sefable 4: (a) the metal cations had no influence on thetion condition (hydrogen atmosphere) by super-filtration except
activity and the selectivity of PVP-Pt, such ag [INa" and K*;  for Ci?*, P?* and Fé*. Ci?* and PB* converted into C¥and
(b) Mg?*, C&*, B&*, Mn?* and AP*, Ce*, Nd®* influenced lit-  PIP; Fe** converted into F& (which was demonstrated by the
formation of a blue precipitate with addition ofsRe(CN) to

. . . ; — . the solution). Thus, this modification effect was generated from
00 g—g — o . 4100 metal cations with positive oxide states.
3 ] As shown irFig. 2 the variation of molar percentage of€o
~ 80 ° * 80 — in the PVP-Pt colloid does not affect the activity and selectiv-
& F i— ity in the way of conventional bimetallic catalysts, where the
5 60} 60 S curves of activity and selectivity showed a typical volcanic shape
= z [63-65,87—9Q]Here, a little amount of G8 (Co?*:Pt=0.05:1)
2 a0l o—selectivity - CaCl, 40 *§ made the activity and the selectivity increase promptly to very
g i BorvaMin - Sot @ high values and addition of more &odid not decrease them.
8 o selecllvﬂy - Co(NO,), w . . . )
o0l -=— conversion - Co(NQy, | 20 When the molar ratio of Gd:Pt was 0.1:1, the conversion and
the selectivity increased to 79.6 and 92.8%, respectively. The
0 \ . . : L s 0 maximum selectivity (99.7%) was achieved at?Cet=1:3,
e o2 s 4 5 181920 where the conversion was 82.1%id. 2). Fe’* or F&* also
Molar ratio of 7Pt acted in a similar behavior as &€0[71].
Fig. 2. Activity and selectivity at different molar ratios of &Pt in the selec- In the reaction, the conversion bfeached 89.5% in 3h and

tive hydrogenation of to 2 over PVP-Pt with CoGlor Co(NGs).. Reaction  changed little over another 3 h (conversionlofvas 90.3% in
conditions: 40mL EtOH, 1.0mg NaOH, 1.00K(7.58x 10~*mol), 1009 g h) whereas the selectivity remained as 99.79.(3). This
n-tetradecanol (internal standard for GC), 20 mL PVP-Pt colloidal dispersiorbh P

enomenon is similar to the reported results on the hydrogena-

containing 2.25< 10-5mol Pt, 1.13x 10~3mol PVP, 10 mL HO and 10 mL ; . . 4
I(EtOH) anfj’ metal salt: 4.0 MPagH333 K and 1.5 h. tion of 1 [63], furfuracrolein[88] and citral[65] over platinum
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Fig. 4. Selective hydrogenation 8fto 4 over PVP-Pt-FeGl Reaction con-
ditions: 1.00 g3 (1.43x 102 mol), 3.0 mg NaOH, 20 mL EtOH, 10 mL 40,
(7.58x 103 mol), 1.00 gi-tetradecanol (internal standard for GC), 20 mL PVP- 0.20 g isobutanol (internal standard for GC), 2:250-5 mol PVP-Pt (contain-
ing 1.13x 10-3mol PVP) and 2.2%10-° mol FeCk; 4.0 MPa b, 333 K.

The reaction time course has been recorddeigs4. As the

where the hydrogenation reactions stopped automatically aftéfaction progressed, the concentratior3 afeclined, the main

one molecular equivalent of hydrogen had been absorbed. Ho
ever, we currently could not find a satisfactory explanation folncreased, bud

this.

5.2. Selective hydrogenation of 3 to 4 over PVP-Pt and
PVP-Ru colloids

Similar to the hydrogenation df there are two competitive
hydrogenation pathways starting frah{Scheme 2 To obtain
4 with high selectivity at high conversion 8fis a challenging

above[85,91]

5.2.1. Selective hydrogenation of 3 to 4 over PVP-Pt
colloid [71,72]
It can be seen fronTable 5that the addition of F&¥ and

slight increase in the selectivity. The more®Znthe lower the

toxication effect. At the optimum conditions (FePt=1:1, 3mg
NaOH, 20 mL EtOH, 10 mL KO), we got 48.9% selectivity to
4 at 70.5% conversion d. The yield of4 was 34.5%, which
is higher than most of the published resy®4—-94] through
catalytic hydrogenation except for ofb]. The selectivity tct

group in3 is not as significant as the phenyl groupdin

] yCHQCH:C:—CHgOH w‘
CHaGH=CH-C=0 CHaCH2CHoGHoOH
2 (4)

3 I—I{ 12
CH3CH2CH2C=0

11

Scheme 2.

Wroduct @) and byproductsr{-butanal,11, ands-butanol,12)
i increased a little quicker than the other two

components. However, there was still a tendency to stop auto-

matically as that ol to 2.

5.2.2. Selective hydrogenation of 3 to 4 over PVP-Ru

colloid

Ruthenium is a member of the platinum-group metals. It is
widely used for the selective hydrogenation of carbonyl groups
(C=0) in the vicinity of G=C double bonds to hydroxyl groups
task Scheme 2reaction (1)) for the same reason as discusseCH-OH). Itis also applied in partial hydrogenation of aromatic
compounds to the corresponding cycloalkef88j. However,
when employing PVP-Ru as the catalyst in the selective hydro-
genation of3 to 4, we got results far from the anticipated.

From Table § it can be seen that the addition op® and
NaOH was not good for the selectivity 4a(the selectivity was
Co?* raised both the activity and the selectivity. When addingeven O for no. 4), but good for the activity (the highest aver-
Zn?* in the PVP-Pt-FeGlsystem, the activity decreased with a g€ rate of 244.0 md/mol Ru h was obtained with 1 mg NaOH
and 5mL HO). A higher selectivity of 5.2% was obtained
activity and the higher the selectivity. This is similar to the knownUusing absolute ethanol g@ was controlled under 0.01%). This
ascertained further thatJd® was harmful to the selectivity. The
incorporation of metal cations also played interesting roles in
the catalytic process. B& Co?* and N#* raised the selectivity
but lowered the activityTable § nos. 1 and 6-8). The addition
of H,O and NaOH to PVP-Ru-NiGlexhibited similar results as
is not as high as 2, because the steric hindrance of the methylneat PVP-Ru: the selectivity tbdropped to 0 (nos. 9 and 10)!

This is very different from the situations of the selective
hydrogenation ol to 2. It has been found that3® and NaOH
favored the activity and selectivity of the PVP-Pt-MChtalytic
system in the selective hydrogenationlato 2. The effects of

H>O and NaOH were presentedTable 7

The activity of PVP-Pt rose with the addition 0£8, which
could be attributed to its high polarif$2]. When more than
the optimum amount of yD was added, the solubility of
reduced and therefore the activity decreased. A suitable amount
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Table 5
Optimization of reaction condition in the selective hydrogenatiod twf4 over PVP-Pt colloid modified by metal catidhs
Catalytic systeth NaOH (mg) EtOH (mL) HO (mL)  Average rate Conversion o83 (%)  Selectivity (%) Yield of 4 (%)

(mol3/mol Pth)

4 11 12

PVP-Pt 1 30 0 127.4 60.2 102 853 45 6.14
PVP-Pt 1 25 5 135.2 63.9 13.1  80.7 6.2 8.37
PVP-Pt-Fe(1) 1 30 0 148.6 70.2 174 78.6 4.0 12.2
PVP-Pt-Fe(1) 1 25 5 150.9 71.3 311 542 147 22.3
PVP-Pt-Co(1) 1 30 0 147.1 69.5 186 734 8.0 12.9
PVP-Pt-Co(1) 1 25 5 149.6 70.7 16.8 743 8.9 11.9
PVP-Pt-Fe(1)-Zn(0.2) 1 25 5 129.7 61.3 374 546 8.0 22.9
PVP-Pt-Fe(1)-Zn(0.4) 1 25 5 88.7 41.9 394 516 9.0 16.5
PVP-Pt-Fe(1)-Zn(0.8) 1 25 5 0 0 - - - 0
PVP-Pt-Fe(1) 3 25 5 155.8 73.6 446 389 165 32.8
PVP-Pt-Fe(1) 3 20 10 149.2 70.5 489 331 18.0 345

a Other conditions: 1.008 (1.43x 102 mol), 0.20 g isobutanol (internal standard for GC), 2250~ mol PVP-Pt (containing 1.18 103 mol PVP); 4.0 MPa
H», 333K and 3h.

b The numbers in the brackets refer to the molar ratios of metal cations to Pt; Fe stands foideesthnds for CoG| and Zn stands for Zngl
¢ 11 =n-butanal 12 = n-butanol.

Table 6

Hydrogenation o8 to 4 over PVP-Ru-MC]| catalytic systenfs

No. Catalytic system NaOH (mg) EtOH (mL) 20 (mL) Average rate Conversion o8 (%) Selectivity (%)

(mol3/mol Ru h)
4 11 12

1 PVP-Ru 0 30 0 203.3 100 4.0 79.1 16.9
2 PVP-Ru 0 20 10 233.8 95.8 3.8 74.5 21.7
3 PVP-Ru 1 30 0 167.4 82.4 2.7 83.5 13.8
4 PVP-Ru 1 25 5 244.0 100 0 75.4 24.6
5 PVP-R& 0 30 0 150.4 74.0 5.2 84.0 10.8
6 PVP-Ru-FeQ 0 30 0 85.0 41.8 13.6 86.4 0
7 PVP-Ru-CoGl 0 30 0 96.7 95.0 5.8 74.3 19.9
8 PVP-Ru-NiC} 0 30 0 170.4 97.8 4.9 80 15.1
9 PVP-Ru-NiCh 0 25 5 197.5 97.2 0 83.0 17.0

10 PVP-Ru-NiC} 1 25 5 198.4 97.6 0 75.9 24.1

a Molar ratio of M:Pt=1:1. Other conditions: 1.003y(1.43x 10-2mol), 0.20 g isobutanol (internal standard for GC), 2280~°mol PVP-Pt (containing
1.13x 10~3mol PVP); 4.0 MPa H, 333K and 3h.

b 11 =n-butanal 12 = n-butanol.
¢ The solvent was absolute ethanol.

of NaOH resulted in a higher activity and a considerable increas@.025 mol B/mol Pt s, with 0.2 and 1.0 mg NaOH, respectively.
in selectivity, which was due to the suppression of the hydroSo did the average rates.

genation of GC double bond97]. This was also authenticated Furthermore, it was observed that in the selective hydrogena-
in the hydrogenation of cyclooctene over PVP-Ril{le §. The  tion of 3 to 4 over PVP-Pt HO and NaOH were good for the
initial hydrogenation rates reduced from 0.081 to 0.076 andelectivity and the activity, too (se€Eable 5. In view of the

Table 7

Optimization of reaction condition in the selective hydrogenatioh twf2 over PVP-Pt-CoGF

NaOH (mg) HO (mL) EtOH (mL) Selectivity t (%) Conversion ofl (%) Average rate
(mol1/mol Pth)

0 0 60 84.2 60.7 136.3

1 0 60 93.3 73.9 166.0

1 5 55 98.0 78.4 176.1

1 10 50 98.8 82.9 186.2

1 15 45 98.8 80.1 179.9

0 10 50 85.2 715 160.6

2 10 50 98.5 80.2 180.1

5 10 50 98.1 76.7 172.3

a Molar ratio of C&*:Pt=1:1. Other conditions: 1.00h(7.58x 10~3 mol), 1.00 gn-tetradecanol (internal standard for GC), 2:2%0~°> mol PVP-Pt colloid;
4.0MPaH, 333K and 1.5h.
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Table 8

100 T T T T T T 100
Hydrogenation of cyclooctene over PVP-Pt colloid with NaOH
Catalytic system Initial rate Average rate 80l B 180
(mol Ha/mol Pts) (mol Hy/mol Pts) _—C—:g
~ ]
PVP-Pt 0.081 0.046 £ 5 - o 5
PVP-Pt-NaOH (0.2 mg) 0.076 0.034 s ]
PVP-Pt-NaOH (1.0 mg) 0.025 0.010 7 :
Q o
a Reaction conditions: 2.0mL PVP-Pt (containing 4:680~%mol Pt), g wr \‘“\1%: 1
2.0mL cyclooctene (1.08 10-3 mol); 0.1 MPa H and 303K (the whole vol- o | A,{:::éf_%zezﬁ
ume was 15.0 mL, MeOH). // o
20 420
apparently contradicting observations between the two systems, ey *Y".”fTO

¥
0 30 60
Reaction time (min)

90 120

more work needs to be done to look for a unified explanation
[98].

Fig. 5. Selective hydrogenation &fto 6 over PVP-Pt. Reaction conditions:
40mL EtOH, 1.0 mg NaOH, 0.500%(3.24x 10~3mol), 1.00 g ethylene gly-
col (internal standard for GC), 20 mL PVP-Pt colloidal dispersion (contain-
ing 2.34x 10~°mol Pt, 1.17x 10~3mol PVP, 10 mL HO and 10 mL EtOH);

. . , . 6.0MPa b, 333K.
5isanon-conjugated unsaturated aldehyde, its corresponding

unsaturated alcohol 8(Scheme B Both of them are essential

components in many kinds of perfumes. Some papers have bege?*, Fe&*, Cc?*, Ni2* and Mr?* boosted significantly both the
published on the selective hydrogenation of citral (3,7-dimethylselectivity and the activity. The overall results are similar to the
2,6-octadienal) t& over conventional supported catalysts, butselective hydrogenation afto 2 catalyzed by PVP-Pt. Péwas

5.3. Selective hydrogenation of 5 to 6 over PVP-Pt and
PVP-Ru colloids [54,72,73]

rarely on the selective hydrogenation ®fto 6 [88,99,100]

reduced to F& in the reaction, and showed the same effect as

We found that by using metal cations modified PVP-Pt and~e**; Cu?* and PB* were reduced to their metallic forms and

PVP-Ru nanocatalyst§,could be hydrogenated towith high
selectivity.

5.3.1. Selective hydrogenation of 5 to 6 over PVP-Pt colloid

therefore poisoned the catalysts.

The optimum amounts of NaOH, 2@ and EtOH for this
reaction were found to be 1 mg, 10 mL and 50 mL, respectively;
which is similar to the selective hydrogenationsldb 2 and3

From Figs. 5 and 6it can be seen that the addition of to4 over the PVP-Pt-MGlcatalytic systemsTable 10.
Cc?* to PVP-Pt increased both the activity (the conversion -
changed from 70.6 to 98.3%) and the selectivity (from 44.55 3 2. Selective hydrogenation of 5 to 6 over PVP-Ru
to 98.5%). colloid
The modification effect of various metal cations on thisreac- |t can be seen frorfig. 7that without C8*, conversion o

tion system has been systemically investigated. The effects caf 1 h was 88.4% and yield &fwas 84.2% (selectivity 95.2%):

also be groupedinto four types (Skble 9: (a) Li*, Na',K*and  the yield of6 reached 86.4% in another hour but the selectivity
Al3* Ce*, Nd®* did not affect the catalytic properties of PVP-

Pt; (b) Mg*, C&* and B&* increased the selectivity slightly

without influencing the activity; (c) G, P+ and Zrf* acted 100% ' . - . — 1100
as poisons to PVP-Pt with conversions of 0, 0 and 25.0%, respec- O/— ]
tively, the selectivity of ZA* modified catalyst was 99.6%; (d) sok la0
9\3 60+ -1 60
c
o o ——5
] o -6
g 4o} = Ll
/ OHN‘ §
o
6 20 ~ 20
\O o
\__h‘__

Fig. 6. Selective hydrogenation 6fto 6 over PVP-Pt-CoGl. Reaction condi-
tions: 40 mL EtOH, 1.0 mg NaOH, 0.50%¢3.24x 103 mol), 1.00 g ethylene
glycol (internal standard for GC), 20 mL PVP-Pt colloidal dispersion (contain-
ing 2.34x 10~°mol Pt, 1.17x 10~3mol PVP, 10mL HO and 10 mL EtOH)
and 2.34x 10~°> mol CoCk; 6.0 MPa h, 333K.

(2) (4 OH Oc¥ E = EG
5 0 30 60 90 120
14 Reaction time (min)
0]
13

Scheme 3.



128 W.W. Yu, H. Liu / Journal of Molecular Catalysis A: Chemical 243 (2006) 120-141

Table 9 100 ; . ; r ; . ; 100
Hydrogenation of to 6 over PVP-Pt-MC]| catalytic systenfs
S
Catalytic system Conversion 6f(%) Selectivity (%) 8ol o 1s0
6 13 ;\;\;
PVP-Pt 70.6 445 46.0 8 60 - 60
PVP-Pt-LiCl 65.2 41.3 58.7 = s et
PVP-Pt-NaCl 72.3 46.2 53.8 2 A—13
PVP-Pt-KCI 68.8 45.8 54.2 E 40 —y 4 - 40
PVP-Pt-AICk 73.3 42.2 57.8 O
PVP-Pt-Ce(d 68.5 47.4 52.6
PVP-Pt-Nd(NQ)3 69.1 45.0 55.0 e 120
PVP-Pt-MgCh 75.1 55.3 44.7 L ~ ]
PVP-Pt-CaCl 73.6 50.0 50.0 0 m__}),igzzz:gzz—l}‘?o
v e
PVP-Pt-Ba(NQ@) 73.8 57.5 42,5 0 30 60 90 120
PVP-Pt-CuCj 0 - - Reaction time (min)
PVP-Pt-ZnC} 25.0 99.6 0.4
PVP-Pt-Pb(NG)2 0 — — Fig. 7. Selective hydrogenation 6fto 6 over PVP-Ru. Reaction conditions:
PVP-Pt-Fed 97.6 97.6 2.4 40mL EtOH, 1.0 mg NaOH, 0.500%(3.24x 10-3mol), 1.00 g ethylene gly-
PVP-Pt-FeSQ 975 97.6 2.4 col (internal standard for GC), 20 mL PVP-Ru colloidal dispersion (contain-
PVP-Pt-CoG} 08.3 98.5 1.5 ing 2.34x 10~°mol Pt, 1.17x 10~3mol PVP, 10 mL HO and 10 mL EtOH);
PVP-Pt-NiCh 97.2 88.9 11.1 6.0 MPa h, 333K.
PVP-Pt-MnC} 97.8 4.7 25.3

a Molar ratio of M:Pt=1:1. Reaction conditions: 40mL EtOH, 1.0mg -4 Selective hydrogenation of 7 to 8 over PVP-P1,
NaOH, 0.500 g5 (3.24x 10-3mol), 1.00g ethylene glycol internal standard PVP-Pd, PVP-Ru, PVP-Pd/Pt, PVP-Ru/Pt and PVP-Ru/Pd
for GC, 20 mL PVP-Pt colloidal dispersion (containing 2:340-° mol Pt, colloids [74-77]
1.17x 10~3mol PVP, 10 mL KO and 10 mL EtOH) and 2.34 10~> mol metal

salt; 6.0MPaH, 333K and 2h. . . . . .
b 13=3,7-dimethyloctanal, the yield of 3,7-dimethyloctanb#)was under Aromatic haloamines are important materials in the chem

the detectable level of GC except for neat PVP-Pt where the selectiviy to 1Sty Of dyes, pharmaceuticals, pesticides and herbicides. For
was 9.5%. the reason of environmental pollution of traditional production
methods, many researchers try to make it with selective hydro-
] o ) genation. However, the hydrogenation of halonitrobenzenes is
decreased to 90.2%. With the modification oRC(Fig. 8), the very complicated. Taking as an example, its\D group may
yield of 6 reached 97.8% in 1 h and changed little in anotherq hydrogenatedScheme 4reaction (2)) or it may be dehalo-
hour (selgctivity was 98.8 and 97.5%, respectively), only 1-00/‘genated $cheme 4reactions (1) and (D). Besides the desired
of 5 remained unreacted. _ product8, many byproducts such as anilinks), nitrobenzene
From Figs. 5 and 7it can be concluded that the catalytic (16) ,-chlorophenylhydroxylaminep-chloronitrosobenzene,
properties of PVP-Ru is much superior to PVP-Pt: in 1h, they;o_and azoxy-dichlorobenzenes, chlorobenzene and so on may
conversion ofS and selectivity for6 were, respectively, 88.4 e formed at the same time. The reactions over conventional

and 95.2% catalyzed by PVP-Ru, 56.7 and 46.9% by PVPgnhnrted metal catalysts have been reviewed by Greenfield and
Pt. This is in agreement with the traditional view that Ru is

better than Pt in the selective hydrogenation efGCdouble

bonds 100 ' r 100
80 / - 80
Table 10
Optimization of reaction condition in the selective hydrogenatiof tof6 over =
PVP-Pt-CoG§2 & o 160
=
Co**®  NaOH H,O (ML) EtOH Conversion Selectivity :% fﬁg
(mg) (mL) of 5 (%) to 6 (%) é’ 40 ——14 140
0 0 10 20 62.3 375 8
0 1 10 20 70.6 44.5
5 0 10 20 98.3 91.7 ia 120
1 1 10 20 98.4 98.5 -
1 3 10 20 98.4 90.1 o A _ p————0y
1 5 10 20 98.5 89.5 60 90 120
1 1 0 30 67.2 99.1 Reaction time (min)
1 1 5 25 82.2 98.8
1 1 15 15 98.3 85.4 Fig. 8. Selective hydrogenation 8to 6 over PVP-Ru-CoGl. Reaction condi-

tions: 40 mL EtOH, 1.0 mg NaOH, 0.50%¢3.24x 103 mol), 1.00 g ethylene

@ Other conditions: 0.500§(3.24x 10~ mol), 1.00 g ethylene glycol (inter-  glycol (internal standard for GC), 20 mL PVP-Ru colloidal dispersion (contain-
nal standard for GC), 2.34 10-> mol PVP-Pt; 6.0 MPa b} 333K and 2h. ing 2.34x 10~5mol Pt, 1.17x 10~3mol PVP, 10mL HO and 10 mL EtOH)

b The numbers refer to the molar ratios of et and 2.34x 10~3mol CoCb; 6.0 MPa H, 333K.
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Scheme 4.

Dovell [101], Bond and Webstef102] and Kosak[103,104]  of the fresh one and influenced little the activity; whereas, the
Coq et al. have studied carefully the selective hydrogenation acfame addition enhanced the selectivity just by 7.4% and low-
7 to 8 over supported Pt catalysts with aspects to particle sizegred the initial rate of the outdated colloid sample. Anyhow, the
combination of two metals, precursors and suppd@$—-107] selectivity was increased in the two colloids on modification by
In the following sections, we summarize our investigation onFe3*, Co** and N#*. The most pronounced improvements were

this reaction by noble metal colloidal nanocatalysts. observed by the addition of €bto the fresh colloid and the
addition of N#* to the outdated colloids.

5.4.1. Selective hydrogenation of 7 to 8 over PVP-Pt We initially suspected that this was due to the size effect.

colloids TEM observation showed that the size of the outdated colloid

Pt is one of the most widely investigated metal catalysts fowas 1.55 nm, but all the freshly synthesized PVP-Pt colloids with
this reactiorj105-107]and colloidal Ptis a well-discussed topic size of 1.1,1.5,1.7, 1.8 and 2.5 nm gave 60-70% selectivity, not
in literatureg44,51,108,109]Due to their thermodynamicinsta- 46%. This ruled out the effect of particle size. A more plausible
bility, colloidal particles will increase in size during storage in explanation may be that the colloidal particles of the freshly
solution. We found that the PVP-Pt colloid stored in solution atprepared sample were in the nascent state, which has superior
ambient condition for 5 months had different catalytic propertiegproperties; these particles became more regular on aging and
from the freshly synthesized onkig. 9). lost their reactivitie$110].

The initial rate, average rate and selectivitgtoere, respec- For the outdated PVP-Pt colloid (average diameter was
tively, 2.20, 0.69 mol H/mol Pts and 63.0% for the fresh col- 1.55nm), we have studied the modification by metal cations
loid; the corresponding values for the stored colloid were 1.50in detail[77]. FromTable 11 it can be seen that the influence of
0.34 mol H/mol Pts and 46.0%. Furthermore, the modificationmetal cations can be grouped into three categories: (ajf*,
effects of metal cations on them were also different. For examBa*, AI®* and Mr?* did not affect the catalytic properties of
ple, the addition of C& increased very much the selectivity PVP-Pt; (b) SA*, Cu?* and Zrf* toxicated the PVP-Pt catalyst

2.5 T T 80

g
o
T

1.0F

Activity (mol Ho/mol Pt s)
Selectivity to 8 (%)

Selectivity to 8 (%)
Activity (mol Hp/mol Pt s)

0.5F 05 )
P et
--0--initial rate - --0-- initial rate
--o-- average rate r --0-- average rate
—e— selectivity —e— selectivity
0.0 - ! 0.0 ! 1 40
PVP-Pt  PVP-PLF&®* PVP-PL-Co®* PVP-PLNIZ* PVP-Pt  PVP-Pt-Fe®* PVP-P-Co®* PVP-PL-NiZ*

Catalytic system with fresh colloid Catalytic system with outdated colloid

Fig. 9. Selective hydrogenation dto 8 over fresh and outdated PVP-Pt with metal cations. Reaction conditionsx4.&¢%° mol PVP-Pt colloid, 1.76< 10-3 mol
7, 0.10 mLn-decanol (as an internal standard for GC) and 4«49 ® mol metal salt; 0.1 MPa §J 303 K (the whole volume was 15.0 mL, MeOH).
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Table 11
Hydrogenation of to 8 over PVP-Pt-MC]| catalytic systenfs
Catalytic system Average rate (mopthol Pts) Conversion df (%) Selectivity’ (%)

8 15 16 Others
PVP-Pt 0.34 97.2 46.0 0.9 12 51.9
PVP-Pt-LiCl 0.39 100 51.7 Trace 1.0 47.3
PVP-Pt-CrC} 0.34 100 40.2 21 24 55.3
PVP-Pt-BaCj 0.30 100 46.0 Trace 3.0 51.0
PVP-Pt-AICk 0.32 95.8 48.0 24 10.5 39.1
PVP-Pt-MnC} 0.34 100 43.0 4.4 52 47.4
PVP-Pt-SnCl 0.06 66.9 55.5 20.9 0 23.6
PVP-Pt-CuGl 0 0 - - - -
PVP-Pt-ZnC} 0.02 111 50.3 25.1 0 24.6
PVP-Pt-Fed 0.42 95.1 53.5 Trace 0 46.5
PVP-Pt-CoGJ 0.41 95.0 53.4 1.4 1.1 44.1
PVP-Pt-NiCh 0.64 100 66.3 0 0 33.7

a Molar ratio of M:Pt=1:1. Reaction conditions: 4.4910~® mol PVP-Pt colloid, 1.76 103 mol 7, 0.10 mL n-decanol (internal standard for GC) and
4.49x 10~® mol metal salt; 0.1 MPa jHand 303 K (the whole volume was 15.0 mL, MeOH).
b 15 =aniline; 16 = nitrobenzene; others = mixture efchlorophenylhydroxylamine;-chloronitrosobenzene, chlorobenzene, azo- and azoxy-dichlorobenzenes.

with a slight increase in selectivity (5-10%); (c)¥eCc** and  than hydrogenation of the=*D double bond60,103} Thus,
Ni2* increased both the activity and the selectivity of PVP-Pt. 0One may expect PVP-Pd colloid to exhibit higher activity

It has been known that in the selective hydrogena‘[ion:(mc and lower Selectivity t@ than PVP-Pt colloid. However, our
double bondsk— 2, 3 — 4 and5 — 6), the best metal cations results indicated that PVP-Pd exhibited not only lower selec-
were Fé" (FE*) and C3&™, followed by NP*. However, for tivity but also lower activity than PVP-Pt; its activity and
the hydrogenation of NO double bonds over the outdated Pt Selectivity were even lower than the outdated PVP-Pt colloid
colloid, NiZ* was the best, followed by P& (Fe*) and C&™. (Table 13.

Further Study on the hydrogena’[ion Dfover po|y(viny|- It can be seen fromable 13hat the addition of metal cations
pyrrolidone-co-acrylic acid)-stabilized Pt colloid (PVPAA-Pt) influenced little on the selectivity. The activity was increased by
showed better overall results than PVP-Pt with or without metaf5% by N#*, whichis not surprising. However, 2f, which was
cation modification Table 19 [111]. Both the average rate and & poison for PVP-Pt (vide ante), acted as a promoter to PVP-Pd:
selectivity to8 were increased by at least 50%, possibly due tdhe activity was nearly doubled.
the stronger interaction of metal cations to thedgroup in car-
boxylic acid[111,112] which draws more metal cations around 3.4.3. Selective hydrogenation of 7 to 8 over PVP-Pd/Pt
the nanoparticles and therefore benefits the activity and sele&imetallic colloids

tivity of the nanocatalysts (see Secti®for more discussionon ~ Bimetallic catalysts have been employed more widely than
the mechanism). monometallic catalysts, which promote the study on bimetallic

colloids [8,30,32,40,41]lt is expected that the bimetallic col-

loids may provide a greater potential for tailoring the catalytic

colloid properties since the difference between the electronic structures
Pd catalyst is very efficient for the hydrogenation of@ of the two metals can be varied over a wide range. We hope that

double bond, and it has higher activity for dehalogenationthe Pd/Pt bimetallic colloids will combine the higher selectivity
' of PVP-Pt and higher activity of PVP-Pd.
A series of PVP-Pd/Pt colloids with different molar ratios of

5.4.2. Selective hydrogenation of 7 to 8 over PVP-Pd

Table 12 ;
Hydrogenation of’ to 8 over PVPAA-Pt colloidal nanocatalyst Pd/Pt (4/1, 3/1.’ 2/1, 171, 172, ].'/3 and 1/4) We.re synthesized by
: — ethanol reduction. The selective hydrogenatiory @b 8 over
No. Catalytic systeth Average rate Selectivity  py/P-Pd/Pt colloids with the modification by metal cations were
(molHp/molPts) — to8° (%) explored as shown iRig. 1Q
1 PVP-Pt 0.72 69.2 Most PVP-Pd/Pt colloids displayed higher activity than PVP-
; Eﬁ'g'?g 8-% ;gi Pd and PVP-Pt, except for PVP-Pd/Pt(4/1) which was less
- - 0 . . . . .
4 PVP_PLNICH 0.63 971 active than PVP-Pt. PVP-Pd/Pt(3/1) gave the highest activ-

ity at 3.20 mol B/mol Me s. The selectivity increased with the
3 Reaction conditions: 4.80 10~ mol PVP-Pt colloid, 1.0 10-3mol 7, increase in Pt content, with a maximum value of 77.5% obtained
0.10 mLr-decanol (internal standard for GC); 0.1 MPaaid 303K (thewhole i pq/pt = 1/3.

volume was 15.0 mL, MeOH). . . .
b The molar ratio of motal S)alt.Pt:6.1 Six metal cations (Ifi, Mn?*, Fe**, Co**, Ni?* and Zrf™)

¢ The conversion of was 100%; the other products included aniline, nitroben- WEre tgsted as modifiers for the PVP-Pd/Pt bimetalllic colloids
zene, o-chlorophenylhydroxylamineg-chloronitrosobenzene, chlorobenzene, With different Pd/Pt molar ratios. Generally speaking, metal
azo- and azoxy-dichlorobenzenes. cations increased the selectivity®over PVP-Pd/Pt series, with
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Table 13
Hydrogenation of to 8 over PVP-Pd-MC| catalytic systenfs
Catalytic system Initial rate (mol#mol Pd s) Average rate (molifnol Pd s) Conversion of (%) Selectivity (%)

8 15 16 Others
PVP-Pd 0.40 0.39 89.1 38.4 51.0 2.2 8.4
PVP-Pd-LICI 0.34 0.33 85.9 29.2 38.2 45 28.1
PVP-Pd-MnC} 0.38 0.36 87.0 29.0 38.8 34 28.5
PVP-Pd-NiCh 0.58 0.61 94.0 33.1 40.6 3.7 22.9
PVP-Pd-FeQ 0.46 0.42 86.4 32.2 32.6 5.3 29.9
PVP-Pd-CoCl 0.35 0.36 100 35.8 53.2 6.1 49
PVP-Pd-ZnCGj 0.79 0.72 87.2 42.9 41.8 25 41.7
PVP-Pd-AICE 0.27 0.33 81.1 30.7 25.5 2.1 12.8
PVP-Pd-MgC} 0.38 0.44 83.5 32.6 37.0 6.8 23.6

a Molar ratio of M:Pd=1:1. Reaction conditions: 4.80.0~% mol PVP-Pd colloid, 1.0& 10-3mol 7, 0.10 mLxa-decanol (as an internal standard for GC) and

4.80x 10~® mol metal salt; 0.1 MPa jHand 303K (the whole volume was 15.0 mL, MeOH).
b 15=aniline;16 = nitrobenzene; others = mixture efchlorophenylhydroxylamines-chloronitrosobenzene, chlorobenzene, azo- and azoxy-dichlorobenzenes.

Zn2* as the most efficient modifier. But they displayed com-Ru-Sn/AbOgz, in which Sn was believed in zero oxidation state

plicated effects on the activity with regular patterns. Typically,[113]. However, it is not easy to make Sn in zero oxidation state

Mn2* and N£* increased the activity of PVP-Pd/Pt(1/2) by 65 [114].
and 37%, respectively. It should be noted that the reaction was strictly zero-order

with respect to the reactar,[74]. This is different from the
other catalytic systems, such as PVP-Pt, PVP-Pd, PVP-Pd/Pt,
and PVP-Ru/Pt and PVP-Ru/Pd described in the next section,
e@d other supported metal catalygit®1-107]

5.4.4. Selective hydrogenation of 7 to 8 over PVP-Ru
colloid
Coq et al. have reported that supported Ru catalyst display
high selectivity and very low activity in the selective hydrogena-
tion of 7 to 8 [113]. The PVP-Ru prepared by NaBieduction  5.4.5. Selective hydrogenation of 7 to 8 over PVP-Ru/Pt
also exhibited very low activity. We carried out this reaction and PVP-Ru/Pd bimetallic colloids
under a pressure of 4.0 MPa ldt 320K in a 100 mL stainless PVP-Ru exhibited very good catalytic performance—100%
steel autoclave for 4 h; GC analysis showed that alltlveas  selectivity at 100% conversion; however, the reaction rate was
quantitatively hydrogenated 8with a selectivity of >99.9%to  very low, just 0.00028 mol bimol Ru s. This was much lower
8. than those with PVP-Pt, PVP-Pd or PVP-Pd/Pt colloids. We syn-
The metal cations effect was also studied on ruthenium colthesized PVP-Ru/Pt and PVP-Ru/Pd bimetallic colloids, expect-
loid. The results are summarizedTiable 14 The metal cations ing they will display the high selectivity of PVP-Ru and the high
surveyed improved the activity to different extent while main-activity of PVP-Pt or PVP-Pd.
taining the high selectivity (>99.9%). The maximum activity = The results of the selective hydrogenation7ofo 8 over
was obtained by the modification with ¥e It is interest- PVP-Ru/Pt and PVP-Ru/Pd colloidal catalysts are shown in
ing to note that SH promoted the activity by 7% and 2h  Figs. 11 and 12respectively.
influenced little the activity of PVP-Ru. This is different from  Although the activity of PVP-Ru/Pt(9/1) was not very high
the hydrogenation of over PVP-Pt catalyst where Xigave  (just 0.030 mol H/mol Me s Fig. 11)), it was already 100-fold
the best result and 8hand Zrf* acted as poisons. A simi- higher than that of PVP-Ru (0.00028 mairhol Ru's). How-
lar positive effect upon alloying Sn to Ru was reported in theever, the selectivity decreased from 100 to 70.0%. In another
hydrogenation op-chloronitrobenzene tp-chloroaniline over  word, alloying of only 10% Pt to Ru colloid, much higher activ-
ity and a little lower selectivity (comparing with PVP-Ru) were
obtained. The PVP-Ru/Pd colloids also exhibited similar behav-
iors, but both the activity and the selectivity were lower than the
corresponding PVP-Ru/Pt colloidBi§. 12.

Table 14
Hydrogenation of’ to 8 over PVP-Ru-MC]| catalytic systenfs

Catalytic system Conversion Bf(%) Selectivity to8 (%) From the above results, it is clear that the activity of the
PVP-Ru 39.0 >99.9 bimetallic colloids was much higher than that of PVP-Ru, but the
PVP-Ru-ZnCh 36.2 >99.9 selectivity dropped. It has been observed that some metal cations
PVP-Ru-SndJ 46.2 299.9 can increase the activity and/or the selectivity of PVP-Pt, PVP-
PVP-Ru-FeCJ 62.0 >99.9 Y L y '
PVP-Ru-CoGC} 421 >99.9 Pd, PVP-Pd/Pt and PVP-Ru in this reaction syst@m>(8).
PVP-Ru-NiCh 53.4 >99.9 We thus investigated the effects of metal cations on catalytic

a Molar ratio of M:Pt=1:1. Reaction conditions: 1.87.0~% mol PVP-Ru properties of PVP-Ru/Pt and PVP-Ru/Pd bimetallic colloids.

colloid, 1.00x 10~3mol 7, 0.10 mLn-decanol (internal standard for GC) and Tab|e21'5“s_ts some of the results. . 3 .
1.87x 105 mol metal salt; 4.0 MPa} 320 K and 1.5 h (the whole volume was Zn=" poisoned the PVP-Ru/Pt colloid catalysts; FeCo?

15.0mL, MeOH). and N#* enhanced the selectivity to >99%, but dimin-
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Fig. 10. Modification of metal cations to PVP-Pd/Pt in the selective hydro-
genation of7 to 8. Reaction conditions: 4.8010-¢mol PVP-Pd/Pt col-
loid, 1.00x 10~3mol 7, 0.10 mL n-decanol (internal standard for GC) and
4.80x 10~® mol metal salt; 0.1 MPa Hand 303K (the whole volume was
15.0 mL, MeOH).
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Fig. 11. Selective hydrogenationdfo 8 over PVP-Ru/Pt. Reaction conditions:
1.87x 105 mol PVP-Ru/Pt colloid, 1.06& 10-3mol 7, 0.10 mL n-decanol
(internal standard for GC); 0.1 MP&H303 K (the whole volume was 15.0 mL,
MeOH).

ished the activity by 50-90% except for PVP-Ru/Pt(9/1).
In PVP-Ru/Pt(9/1)-CoGl catalytic system, the activity was
0.018 molB/molMe s (which was 63-fold higher than that
of PVP-Ru) and the selectivity was also high at 99%. To
PVP-Ru/Pd, F& was the best modifier: both the activity
and the selectivity were increased by nearly one-fold. Unlike
in other catalytic systems, Rfi acted as a poison on PVP-
Ru/Pd(1/1).

6. Modification mechanism of metal cations on the
catalytic properties of PVP-stabilized metal colloids

The modification by metal cations on polymer-stabilized
noble metal colloid catalysts is very complicat@dble 16sum-
marizes some typical results on the four reaction systems over
different colloid catalysts.

From the above discussion afdble 16it can be deduced
that:

0.8 T T T 100
W
Q —o— selectivity
EO 06 —e— average rate -180
£ 2
T 7 p {60 @
[} L
E 0.41 O/ =
£ . / {40 2
o e s
2 024 05]
5 420
2 ™~

0.0 1 1 P r— 0

0.0 0.2 0.4 0.6 0.8 1.0

Molar ratio of Ru/(Ru+Pd)

Fig.12. Selective hydrogenationdfo 8 over PVP-Ru/Pd. Reaction conditions:
1.87x 105 mol PVP-Ru/Pd colloid, 1.08 10~3mol 7, 0.10 mL n-decanol
(internal standard for GC); 0.1 MP&H303 K (the whole volume was 15.0 mL,
MeOH).
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Table 15
Hydrogenation of to 8 over PVP-Ru/Pt(Pd)-MGlcatalytic systents

No. Catalytic system Initial rabe Average rate Conversion of7 (%) Selectivity (%)
(molHz/molMess)  (mol Ha/mol Me s)
8 15 16 Others

1 PVP-RY 0.00028 0.00028 100 >99.9 0 0 Trace

2 PVP-Pt 1.98 0.60 100 63.9 8.3 0 27.8

3 PVP-Ru/Pt(4/1) 0.24 0.16 100 58.9 14.1 4.3 22.7

4 PVP-Ru/Pt(4/1)-LiCl 0.14 0.092 99.0 52.7 10.3 0.8 36.2

5 PVP-RU/Pt(4/1)-ZnGI 0.012 - - - - - -

6 PVP-Ru/Pt(4/1)-FeGl 0.030 0.052 100 97.7 Trace 0.8 15

7 PVP-Ru/Pt(4/1)-NiGl 0.036 0.071 100 94.6 1.1 1.0 3.3

8 PVP-Ru/Pt(4/1)-CoGl 0.13 0.11 100 99.5 0.4 Trace 0

9 PVP-Ru/Pt(9/1) 0.030 0.020 93.0 70.0 8.0 0 22.0
10 PVP-Ru/Pt(9/1)-CoGl 0.033 0.018 99.0 99.0 0.9 0 Trace
11 PVP-Ru/Pt(1/4) 0.48 0.29 100 58.9 14.1 3.3 23.7
12 PVP-Ru/Pt(1/4)-CoGl 0.15 0.071 100 >99.9 0 0 Trace
13 PVP-P8 0.60 0.52 90.5 34.2 534 2.2 10.2
14 PVP-Ru/Pd(1/1) 0.10 0.078 88.2 29.1 41.6 0.6 28.7
15 PVP-Ru/Pd(1/1)-Fegl 0.18 0.12 98.2 55.5 34.9 1.7 7.9
16 PVP-Ru/Pd(1/1)-Cogl 0.052 0.071 88.3 45.0 30.6 4.0 20.4
17 PVP-Ru/Pd(1/1)-NiGI 0.015 - - - - - -

a Molar ratio of M:Pt=1:1. Reaction conditions: 1.8710-°>mol metal colloid, 1.00< 10~3mol 7, 0.10 mL n-decanol (internal standard for GC) and
1.87x 105 mol metal salt; 0.1 MPa pand 303 K (the whole volume was 15.0 mL, MeOH).

b Me=Ru, Pt, Pd, or Ru+Pt, Ru+Pd.

¢ 15 =aniline;16 = nitrobenzene; others = mixture efchlorophenylhydroxylamine;-chloronitrosobenzene, chlorobenzene, azo- and azoxy-dichlorobenzenes.

d Reaction conditions: 1.8 10> mol PVP-Ru colloid, 1.06 103 mol 7, 0.10 mLr-decanol (as an internal standard for GC); 4.0 MBa320K and 4 h (the
whole volume was 15.0 mL, MeOH).

€ PVP-Pt and PVP-Pd in this table were prepared by NaB#duction as PVP-Ru with average diameters and standard deviations of 3.5 and 0.53nm, 3.1 and
0.71 nm, respectively; the precursor of PVP-Pd waB#Cl-nH,0 converted from PdGlby concentrated hydrochloric acid.

f These two reactions could not be preceded completely, only 2-5% conversiavesfobtained.

(1) For the hydrogenation of the<© double bonds, the metal The study of metal ion effect can be traced back to 1920s,
cation effects can be sorted into four styles: (a) no effect; (byvhen Adams and coworkers have studied extensively the effects
toxication; (c) increasing the selectivity only; (d) increasing of various substrates, especially metal ions A'FE€** and
both the activity and the selectivity. Zn?* onthe platinum oxide-platinum black catalyst in the reduc-

(2) Forthe hydrogenation of thesfD double bonds, the effects tion of aldehyde$63—-65,87,88]But they thought FeGlacted
of metal cations are more complicate. as a powerful anti-oxidizer toward the oxidation of the aldehy-

(i) For PVP-Pt and PVP-Ru colloid catalysts, metal des, and the function of the promoter was in some way to cause

cations display three kinds of effects: (a) no effect;a desorption of the aldehyde and so permitted a renewal of the
(b) toxication; (c) increasing both the activity and the platinum surface.
selectivity. Maxted summarized the results of a systematic study on the

(i) For PVP-Pd: (a) no effect; (b) increasing the activity toxicity of metal ions to a platinum catalyst in the hydrogenation
only. of cinnamic acid66,67] They concluded that the toxic metal

(i) For PVP-Ru/Pt colloids, metal cations increase theionswere those in which all five orbital§ad shell,immediately
selectivity but decrease the activity except PVP-precedingthe sorthe pvalency orbitals, are occupied by electron
Ru/Pt(9/1) in which the activity was not affected. pairs or at least by single d electrons, because they may form the

(iv) For PVP-Ru/Pdand PVP-Pd/Ptcolloids, the selectivityadsorption complex which in some respect may be regarded as an
increased, the activity may be raised or lowered. intermetallic compound. Thus, LiNa", K*, Mg2*, C&*, B&*,

(3) For different reaction systems and different colloids, theCe®*, Nd®*, AI3* are non-toxic and M#, ClL2*, Zn?*, P,
most favorable metal cations are different. For exampleFe**, Fé*, Co?*, Ni%* are toxic. This is obviously not a satisfac-
Fe¥* (F&#*) and Ca" are the best modifiers for the hydro- tory explanation to the results listedTables 4, 6, 9 and 11-16
genation of the €0 double bonds over PVP-Pt or PVP-Ru andFigs. 6 and 8-10
colloids, whereas Ni and Zrf* are the best for NO double Recently, Ponec reviewed in detail the role of promoters,
bonds over PVP-Pd colloid. especially the metal ionfs8]. Many mechanisms were dis-

(4) The same metal cation displays different effects to differentussed, but none of them can give a reasonable interpretation
reaction systems and different colloids. For instancé’Zn to all of our experiment facts: (a) the cations in the reaction sys-
acted as a poison for the hydrogenation of thf@@nd N=O  tem remained in the ionic state (except foPGPPE); (b) there
double bonds over PVP-Pt, but was the best one fe®ON was no support for this catalyst (PVP may be regarded as a kind
double bonds over PVP-Pd. of support for the platinum colloidal particles, but the interac-
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Table 16

Modification effect of metal cations to noble metal colloidal nanocatalysts
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Table 17
Hydrogenation of cyclooctene over PVP-Pt colloid with metal 8alts

Reaction system

Catalytic system

Relative rate

Selectivity (%) Catalytic system

Initial rate
(mol Ha/mol Pts)

Average rate
(mol Hy/mol Pt s)

1-2 PVP-Pt 1.00 12.0
PVP-Pt-FeQ) 2.23 98.5 PVP-Pt 0.081 0.046
PVP-Pt-CoC4 2.21 098.8 PVP-Pt-CoC4 0 0
354 PVP-Pt 1.00 10.2 PVP-PENICE 0 0
PVP-Pt-Fe 110 48.9 a Reaction conditions: 2.0mL PVP-Pt (containing 4:680-%mol Pt),
PVP-Ru 1.00 4.0 2.0mL cyclooctene (1.08 10-3mol), CoCh or NiCl, (4.68x 10~6 mol);
PVP-Ru-Fed 0.42 13.6 0.1 MPa H and 303K (the whole volume was 15.0 mL, MeOH).
556 PVP-Pt 1.00 44.5
PVP-Pt-Fed 1.38 97.6 Further IR characterization showed that there was a weak
PVP-Pt-CoC} 1.39 98.5 interaction between the=€ group and metal cation5ig. 13.
PVP-Ru 1.00 95.2 - C .
PVP-RU-CoG) 113 99.8 This is demonstrated by the appearance of a small peak adding
Fe**, Co?* or Ni%* to the solution ol. This clearly demonstrated
78 PVP-Pt 1.00 46.0 the interaction of €O double bond inl with metal cations.
PVP-Pt-NiCh 1.88 66.3
PVP-Pd 1.00 38.1
PVP-Pd-NiCh 1.45 33.1
PVP-Pd-ZnG} 1.98 42.9
PVP-Ru 1.00 100
PVP-Ru-FeG) 1.59 100
PVP-Ru-NiCh 1.37 100
PVP-Pd/Pt(1/2) 1.00 52.5
PVP-PA/Pt(1/2)-FeGl  1.45 62.6
PVP-Pd/Pt(1/3) 1.00 775
PVP-PA/Pt(1/3)-ZnGl  0.20 89.3
PVP-RU/Pt(4/1) 1.00 58.9
PVP-RU/P(4/1)-CoGl  0.54 99.5
PVP-RU/Pt(1/4) 1.00 58.9
PVP-RU/PY(1/4)-CoGl  0.31 >99.9
PVP-Ru/Pd(1/1) 1.00 29.1
PVP-Ru/Pd(1/1)-FeGl  1.80 55.5
PVP-Ru/Pd(1/1)-CoGl  0.52 45.0

tion with the cations is very wedk'1,112); (c) the addition of
metal cations in this study is done after the formation of the col-
loidal noble metal catalyst, so that the possibility of change in
the size, shape and structure of the platinum colloidal particles
is minima.

Although the procedure used by Goupil ef&B] is the same
as ours—adding Feghfter the preparation of catalyst, Pt/C, the
iron in their work (and the work from Richard et §0]) was in
the zero oxidation state as determined by energy dispersive X-
ray emission, because they pretreated the catalytic system by H
reduction in the preparation of catalysts or before the addition
of the reactants.

As mentioned in the previous discussion, the change of molar
percentage of G9 in the PVP-Pt colloid does not influence
the activity and selectivity in the way as reported for supported
catalysts (seEig. 2) [63—65,87—-90]The addition of a very small
amount of C8* (Co?*:Pt=0.05:1) increased the activity and the
selectivity promptly to high values and further addition of€o
did not lower them.

We also found that the addition of metal cations depressed
the hydrogenation of olefin (s&&@ble 17. This indicates that
Cc?*, etc. can suppress the hydrogenation of olefinic group but

accelerate the hydrogenation of carbonyl group at the same timeig. 13. IR spectra of and1-MCl, in MeOH (298 K, 0.25 M) (M = Fe, Co, Ni).
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Molar ratio of 8 to 7
Activating the G=O double bonds with metal cations via “polar-

ization” effect has been proposed by some researchers, but thﬁg' 16. Depressing effect df in the selective hydrogenation Gfto 8 over
did not give a conclusive eviden¢8,115,116] Based on the PVP-Pt. Reaction conqmons. 4.4910"° mol PVP-PtcoIIO|d,1.70< 10— mol
. : 7, 0.10 mLn-decanol (internal standard for GC); 0.1 MPa &hd 303K (the

other published works and our experiment results, we propoSgnole volume was 15.0 mL, MeOH).
a modified model to explain the modification mechanism tenta-
tively (Fig. 14).

The adsorbed metal cations motivates the pola®@@roup,
then the nearby dissociated H atoms attack the C and O atoms Coq et al. found that there was an adsorption competition
of C=0 group to generate a hydroxyl group. This model alscbetween?7 and8 [105-107] Our work also indicated that the
highlights the steric hindrance effect to the high selectivity. Tradnitial rate declined when addirgjinto the reaction system in
ditionally, the favorable effect of metal ions (especially in theadvance Fig. 16). So, it can be assumed that?Nicoordinates
metallic state) has been attributed to an electron transfer fromith the amino group i8, which blocks the adsorption of amino
them to platinun{117]. Here, we speculate another possibility group on Pt colloidal particles, and also shields the effective
that the electron transfers from platinum to the adsorbed metaloncentration of Ni*. In another word, it needs more Nito
cation and boosts the adsorbing ability of@ double bond take effect.
onto the platinum surface, therefore increases the activity and In summary, metal cations adsorbed on colloidal particles
the selectivity. modify the particle’s surface electronic structures, as a result

To N=0O double bonds, the influence of NiPt molar ratio  alter their catalytic performances. The differences of the inher-
to PVP-Pt gave another condition which is not like?c@and  ent properties and of the interaction with metal cations to the
Fe*" in the reaction systems af— 2 and3 — 4. It can be seen  nanostructured metal particles lead to the different modification
from Fig. 15that the activity and the selectivity grew gradually effects of metal cations.

with the increase of the addition of Xi When the molar ratio On the other hand, metal cations can be regarded as aqua
of Ni?*/Pt reached 6:1, the activity and the selectivity reachednetal complex ions. It can be expected that there are more
their maxims, and changed little with more?Ni different effects considering the large variations in the charge

of the central metal ions, the type, volume, charge and num-
ber of the ligands, the space geometry configuration of the

0.8 — — — 100 : ; ; ) X
°o o metal complex ions, the solvation, etc., which will tailor
0 < P90 the catalysts’ performances in a greater extent. In fact, we
[ did find some examples, and three of them are discussed
g * te0 &2 here.
T * ®
2 {0 2
e = 7. Modification of metal complex ions to PVP-stabilized
© {60 % metal colloids
& o ety @ _ o N
o 450 In this study, metal complexes were formed in situ by mixing
< a metal salt (mostly from their chlorides) with a correspond-
2 5 4 s & v 8 9 10° ing ligand at a given molar ratio. For the sake of simplic-
Molar ratio of Ni2*/Pt ity, metal complex ions with stepwise stability constakis

. o of KRt . ~ above ca. 1D were selected for the teft18,119] the reac-
Fig. 15. Influence of the _molar ratlc_J of I/Pt_l_n the selectlveﬁhydrogenanon tion temperature was reduced to 303K and no NaOH was
of 7 to 8 over PVP-Pt-NiC}. Reaction conditions: 4.49 10~° mol PVP-Pt dded i d | h ible di .. fth |
colloid, 1.70x 10-3mol 7, 0.10 mLr-decanol (internal standard for GC) and a ed in order to lower the possible dissociation of the complex
NiCly; 0.1 MPa H and 303 K (the whole volume was 15.0 mL, MeOH). ons.
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Table 18
The effect of metal complex ions on the hydrogenatio tif 2 over PVP-Pt colloidal nanocatal§st
No. Catalytic systef Average rate (mol/mol Pth) Conversion of (%) Selectivity (%)
2 9
1 PVP-Pt 220.6 65.5 17.7 82.3
2 PVP-Pt-Fed 267.8 79.5 62.0 38.0
3 PVP-Pt-NaF 143.1 42.5 15.3 84.7
4 PVP-Pt-NaAlFg 221.3 65.7 21.0 79.0
5 PVP-Pt-NaFeFs 262.7 78.0 75.0 25.0
6 PVP-Pt-Al(acac) 188.6 56.0 25.0 75.0
7 PVP-Pt-Cr(acaglCl 276.8 82.2 19.7 80.3
8 PVP-Pt-Fe(acag) 233.1 69.2 58.8 41.2
9 PVP-Pt-Co(acag) 268.1 79.6 30.4 69.6
10 PVP-Pt-Ni(acag) 230.7 68.5 25.5 74.5
11 PVP-Pt-Cu(acag) 236.4 70.2 16.4 83.6
12 PVP-Pt-Ce(acag) 253.0 75.1 18.6 81.4
13 PVP-Pt-Co(bpwCl2 241.8 71.8 25.1 74.9
14 PVP-Pt-Ni(bpyjCl, 276.6 82.1 3.6 96.4
15 PVP-Pt-Fe(gly) 253.9 75.4 34.9 65.1
16 PVP-Pt-Ni(gly} 266.1 79.0 22.2 77.8
17 PVP-Pt-Zn(gly) 214.6 63.7 26.7 73.3
18 PVP-Pt-Fe(sai) 207.1 61.5 44.4 55.6

a Reaction conditions: 20 mL EtOH, 1.00lg(7.58x 10-3 mol), 1.00 g tetradecanol (internal standard for GC), 20 mL PVP-Pt colloidal dispersion (containing
1.13x 10~°mol Pt, 5.63x 10~* mol PVP, 5mL B0 and 5 mL EtOH) and metal complex; 4.0 MPa,1303K and 2 h.

b Metal complexes were prepared in situ by mixing a metal salt with a corresponding ligand at a proper molar ratio; the molar ratio of metal complex:Pt=1:
acac = acetylacetonate, bpy = bipyridyl, gly = glycinate, sal = salicylate.

¢ 9=3-phenylpropanal, no 3-phenylpropan-1-th)was detected by GC.

7.1. Selective hydrogenation of 1 to 2 over PVP-Pt [78] complexes composed of the same central metal ion with different
ligands (Table 19 nos. 2, 11, 18; 3,12, 17; 4,13; 5, 8, 14, 19; 6,
The complex ions composed of the same central metal io8, 15, 20) or of different central ions with the same ligand (nos.
with different ligands Table 18 nos. 2, 5, 8, 15, 18; 4, 6; 9, 13; 8, 9; 11-15; 18-22), it is unquestionable that the modification
14, 16) or of different central metal ions with the same ligandeffect of complex ions is not a simple sum of the central metal
(nos. 4, 5; 6-12; 13, 14, 15-17) displayed distinct influences ofons and the ligands. Generally speaking, the metal bipyridine
the catalytic properties. The iron complex ions, eF(no. 5)  complex ions lowered the hydrogenation reaction rate, the metal
and Fe(gly} (no. 15) raised both the activity and the selectiv- acetylacetonate complex ions displayed a more favorable effect
ity, while Fe(acag) (no. 8) and Fe(sal)(no. 18) increased the comparing with the metal cations, the metal ethylenediamine
selectivity only. The acetylacetonate complex ions, Cr(afac) complex ions lower the hydrogenation activity with an increase
(no. 7) or Ce(acag)(no. 12), boosted the activity remarkably; of the selectivity t8. This can be deduced clearly frdag. 18
but Ni(acac) (no. 10) increased the selectivity moderately. The
bipyridyl complex ions, Co(bpyf* (no. 13) exerted a moderate

effect; Ni(bpyk?* (no. 14) increased the conversion consider- 10 . . . 100
ably to 82.1%, and the main product was 2dut 9 with the
selectivity to9 as high as 97.3%. Gt and Zrf* were known 80 80
poisons, but the activity and the selectivity were slightly fluctu- & 9
ated compared with the neat PVP-Pt while forming Cu(acac) = 4 60 ™
(no. 11) and Zn(gly) (no. 17) complex ions. It thus providesan 2 e
effective way to diminish the toxicity of some metal cations by 5 g
adding proper ligands. g 0 140 E
Fig. 17 shows the concentration dependence ofgfefon S8 ‘ &
PVP-Pt's performance. Both the activity and the selectivity 208 e cawatvity 1%
reached near their maximum by a very small amount of complex
ion as Feg®>~:Pt=0.1:1. This is similar to Gd (Fig. 2). N Iy —— 32

Molar ratio of FeFGS}’Pt
7.2. Selective hydrogenation of 7 to 8 over PVP-Pt [79]
Fig. 17. Influence of the molar ratio of FgF /Pt in the selective hydrogenation

. e . _of 1to 2 over PVP-Pt-NgFeFs. Reaction conditions: 20 mL EtOH, 1.00lg
Table 19lists the modification effects of some metal com (7.58x 10~ mol), 1.00 g tetradecanol (internal standard for GC), 20 mL PVP-

plexions on the selective hydrogenatiori7ajver the outdated Pt colloidal dispersion (containing 1.3310-5mol Pt, 5.63x 104 mol PVP,
PVP-Pt colloid. Although the results were diversified with the s mL H,0 and 5 mL EtOH) and NgFeFs; 4.0 MPa H, 303K and 2 h.
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Table 19
The effect of metal complex ions on the hydrogenatiofl tif 8 over PVP-Pt colloidal nanocatal§st
No. Catalytic systefh Average rate (mol lfmol Pts) Conversion df (%) Selectivity (%)
8 15 16 Others
1 PVP-Pt 0.41 100 42.6 1.3 0 56.1
2 PVP-Pt-CrG4 0.34 100 40.2 21 2.4 55.3
3 PVP-Pt-MnC} 0.34 100 43.0 4.4 5.2 47.4
4 PVP-Pt-Fed 0.42 95.5 53.5 Trace 10.8 35.7
5 PVP-Pt-Cod 0.41 83.9 53.4 1.1 14 45.1
6 PVP-Pt-NiCp 0.64 100 66.2 0 0 33.8
7 PVP-Pt-bpy 0.15 80.0 35.2 4.6 0 60.2
8 PVP-Pt-Co(bpyCla 0.11 64.2 31.8 0 0 68.2
9 PVP-Pt-Ni(bpy3Cl2 0.18 83.9 313 2.2 0 66.5
10 PVP-Pt-Hacac 0.52 100 48.3 7.9 0 43.8
11 PVP-Pt-Cr(acag) 0.36 86.9 34.9 4.0 0 61.1
12 PVP-Pt-Mn(acag) 0.54 100 415 2.9 0 55.6
13 PVP-Pt-Fe(acag) 0.44 100 62.9 6.9 0 30.2
14 PVP-Pt-Co(acag) 0.83 100 76.5 15 0 22.0
15 PVP-Pt-Ni(acag) 0.72 100 76.2 0 0 23.8
16 PVP-Pt-en 0.14 100 43.0 24.1 0 329
18 PVP-Pt-Cr(eryCls 0.14 92.1 52.9 9.7 0 37.4
17 PVP-Pt-Mn(en)Gl 0.088 100 39.1 22.8 0 38.1
19 PVP-Pt-Co(en)Gl 0.27 100 70.0 1.7 0 28.3
20 PVP-Pt-Ni(ergCl; 0.16 100 94.0 0 0 6.0
21 PVP-Pt-Cu(engClz 0 0 - - - -
22 PVP-Pt-Zn(en)Cl; 0 0 - - - -

a Reaction conditions: 4.80 10-% mol PVP-Pt colloid, 1.0 10~3 mol 7, 0.10 mLr-decanol (internal standard for GC); 0.1 MPa &hd 303K (the whole
volume was 15.0 mL, MeOH).

b Metal complexes were prepared in situ by mixing a metal salt with a corresponding ligand at a proper molar ratio; the molar ratio of metal compjex:Pt=1:
bpy = bipyridyl, acac = acetylacetonate, en = ethylenediamine.

¢ 15 =aniline;16 = nitrobenzene; others = mixture efchlorophenylhydroxylamine;-chloronitrosobenzene, chlorobenzene, azo- and azoxy-dichlorobenzenes.

With respect to the nickle(ll) ethylenediamine complex Table 20
ions, different complex ions existed as Ni(&h)Ni(enp2* and  The effect of metal complex ions on the hydrogenatiofl & 8 over PVP-Ru
Ni(en)s?*, exerted distinct influence on the performances of thesolloidal nanocatalyst

catalyst. The activity decreased with the increase in molar ratiqo. Catalytic systefh Relative rate Selectivity 8 (%)
N . .

o_f er1._N|2 fron_"n 0to 3, whereag the selectivity 8:)|ncregsed PVP-RU 100 2999
significantly Fig. 19. The best yield t8 (94.0%) was achieved , PVP-Ru-FeQ 0.902 >99.9
when using Ni(eny’* as a modifier. These results show that the 3 PVP-Ru-CoGJ 0.732 >99.9
behavior of the metal complexes is also closely connected to4 PVP-Ru-NiCh 0.661 >99.9
the number of coordinating ligands. The much lower activity of > PVP-Ru-ZnG} 0.768 >99.9
g. 19may be ascribed to the increased enthylene PVP-RU-Co(bpyCl 163 2999

diamine concentration dissociated from the complex ion, whichg PVP-Ru-Hacae 110 >99.9
suppresses the reactioraple 19 no. 16). 9 PVP-Ru-Fe(acag) 1.62 >99.9

10 PVP-Ru-en 9.11 >99.9

7.3. Selective hydrogenation of 7 to 8 over PVP-Ru [84] 11 PVP-Ru-Co(en)Gl 2.92 >99.9
12 PVP-Ru-Ni(enyCl, 3.71 >99.9

. 13 PVP-Ru-Zn(enCl 15.9 >99.9

It can be seen fronTable 20that the activity decreased 44 pVP_Ru_HQ( ol 1.49 >99.9
upon adding metal cations to the PVP-Ru nanocatalyst (prets PVP-Ru-Co(HQ) 1.07 >99.9

pared accordmg 0 Re[120]) but increased by using some -, Reaction conditions: 1.8¥ 10-> mol PVP-Ru colloid, 1.0 10~ mol 7,

organic Ilgands and metal complexes as modifiers. In the case 9.f10 mLn-decanol (internal standard for GC); 4.0 MPaahd 320 K (the whole

Zn(en)Cly, the activity increased 14.9 times without any 10SSyojume was 15.0 mL, MeOH). The reaction time was normally 120 min except
in the selectivity Table 20 no. 13). the experiments no. 10 (30 min) and no. 13 (35 min).

Detailed results on the modification effect of multi-amine ° Metal complexes were prepared in situ by mixing a metal salt with
ligands and their Zn(Il) complexes on this system are listed i corresponding ligand at a proper molar ratio; the molar ratio of metal

. . ._complex:Pt=1:1; bpy = bipyridyl, acac = acetylacetonate, en = ethylenediamine,

Table 21 The highest average rate was obtained when USiNG 5 - g hydroxylquiine.
Zn(trien)Clz as modifier: the activity increased 35.4 times while - ¢ The other products were less than 0.1%, including aniline, nitrobenaene,
the selectivity remained as high as >99.9%. It is clearly showrhlorophenylhydroxylamines-chloronitrosobenzene, chlorobenzene, azo- and

from Tables 20 and 2that the modification effect of metal com- azoxy-dichlorobenzenes.
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Fig. 18. Metal complex ion effect on the selective hydrogenatichtof8 over
PVP-Pt. Reaction conditions: 4.8010- mol PVP-Pt colloid, 1.0 10~3 mol
7, 0.10 mL n-decanol (internal standard for GC) and 48006 mol metal
complex; 0.1 MPa hland 303K (the whole volume was 15.0 mL, MeOH).
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Fig. 19. Influence of the molar ratio of eniin the selective hydrogena-
tion of 7 to 8 over PVP-Pt. Reaction conditions: 4.80.0~% mol PVP-Pt
colloid, 1.00x 10~3 mol 7, 0.10 mLnr-decanol (internal standard for GC) and
4.80x 10-% mol metal complex; 0.1 MPahnd 303 K (the whole volume was
15.0 mL, MeOH).

Table 21
The effect of Zn(ll)-amine complex ions on the hydrogenatiofl tf 8 over
PVP-Ru colloidal nanocatalyst

No. Catalytic systefh Relative average rate  Selectivity86 (%)
1 PVP-Ru 1.00 >99.9
2 PVP-Ru-ZnC} 0.768 >09.9
3 PVP-Ru-pn 6.04 >99.9
4 PVP-Ru-Zn(pmCl, 7.68 >09.9
5 PVP-Ru-en 9.11 >99.9
6 PVP-Ru-Zn(en)Cl, 15.9 >09.9
7 PVP-Ru-Zn(en)Gl 6.67 89.0
8 PVP-Ru-den 12.1 >09.9
9 PVP-Ru-Zn(denCl,  31.1 83.0

10 PVP-Ru-Zn(den)Gl 16.3 97.0

11 PVP-Ru-trien 18.2 >09.9

12 PVP-Ru-Zn(trien)Cl, 36.4 >09.9

13 PVP-Ru-Zn(trien)Gl  18.0 >99.9

14 PVP-Ru-tetren 17.6 >99.9

15 PVP-Ru-Zn(tetren)Gl 21.2 79.4

a Reaction conditions: 1.8¢ 10->mol PVP-Ru colloid, 1.0 10~3 mol 7,

0.10 mLn-decanol (internal standard for GC); 4.0 MPa&hd 320 K (the whole
volume was 15.0 mL, MeOH).

b Metal complexes were prepared in situ by mixing a metal salt with a corre-
sponding ligand ata proper molar ratio; the molar ratio of metal complex:Pt=1:1;
pn=1,3-propanediamine, en=ethylenediamine, den=diethylenetriamine,
trien =triethylenetetramine, tetren = tetraethylenepentamine.

¢ The other products included aniline, nitrobenzenrechlorophenyl-
hydroxylamine, o-chloronitrosobenzene, chlorobenzene, azo- and azoxy-
dichlorobenzenes.
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1.0 : ; L L - These modification effects are also effective in supported
| 5 ] nanocatalyst§80,122] The primary study on the stereose-
gl / | lective hydrogenation of 2,3-butanedione disclosed the great
_ o increase in activity and selectivity by using metal cations and
Té ’ ] metal complexes as modifieis23,124] Further reading mate-
E 06 . rials on preparation and application of colloidal nanoparti-
5 5 e ] cles may be helpful to understand the content of this paper
E_OA— —A— Intermediates | [20,58,59,125,126]
§ | E _
O A o A
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plexes is not a simple sum of those of the metal central ions an@Vuyi University, China).
the ligands, and metal complex effect is extremely effective in the
selective hydrogenation 8fover PVP-Ru nanocatalyst. Further
study showed that in the presence of Zng€ly, the conversion
of 7was aIrgady 100%in 20 mir_1, b_utthe selectivitgtoas only [1] J.M. Thomas, Pure Appl. Chem. 60 (1988) 1517,
89.0% at this time; the selectivity increased to 100% by extend- 2] 3. Turkevich, G. Kim, Science 169 (1970) 873.
ing the reaction to 35 mirHg. 20. That meant there were some  [3] L.D. Rampino, F.F. Nord, J. Am. Chem. Soc. 63 (1941) 2754.
intermediates produced during the hydrogenation, which could [4] K.E. Kavanagh, F.F. Nord, J. Am. Chem. Soc. 66 (1944) 2126.
be further converted ®gradually. GC—MS analysis did findtwo ~ [3] W.P. Dunworth, F.F. Nord, J. Am. Chem. Soc. 72 (1950) 4197.
species, 2,2-azodichlorobenzene and azoxydichlorobenzene af’! z.lzés)re;cgey, E. Hill M.E. Leonowicz, H.J. Witzke, J. Mol. Catal. 41
the intermediates. Those intermediates were generally found in(7; 5 5. Bradbyy J.M. Millar, E.W. Hill, S. Behal, B. Chaudret, A. Duteil,
the catalytic system with Zn(ll)-multi-amine complexes, but not Faraday Discuss. 92 (1991) 225.
in the neat PVP-Ru system. [8] K. Torigoe, K. Esumi, Langmuir 9 (1993) 1664.

It was found that the activity increased rapidly (from 1 to [ ?;é Tan, K.J. Klabunde, P.M.A. Sherwood, Chem. Mater. 2 (1990)
6.70) by adding very little amount of Zn(ei@l> (molar ratip o K3 Klabunde, Science 224 (1984) 1329,
of Zn(en}Clz to Ru=0.02:1) to the PVP-Ru system. This iS [11] k.. Kiabunde, H.F. Efner, T.O. Murdock, R. Ropple, J. Am. Chem.
similar to the metal cation modification effect to the selective Soc. 98 (1976) 1021.
hydrogenation ofl to 2 over PVP-Pt nanocatalysFEig. 2). It [12] L.N. Lewis, N. Lewis, J. Am. Chem. Soc. 108 (1986) 7228.
should be pointed out that the metal complex modification effect!13] L-N. Lewis, Chem. Rev. 93 (1993) 2693.
varies greaty with the nanocatalyss and the subsiances to bt Voseer Pue ol Chem s om0 178
hydrogenated121]. Therefore, the mechanism of metal com- Mol. Catal. A: Chem. 95 (1995) 109.
plex effect is much more complicated than metal cation effect. [16] G. Schmid, Chem. Rev. 92 (1992) 1709.
However, it is generally believed that the interaction between[17] G. Schmid, H.H.A. Smit, M.P.J. Staveren, R.C. Thiel, New J. Chem.
the metal complexes and metal nanoparticles may alter the elec- 14 (1990) 559.

. . . ) . . [18] H. Bonnemann, B. Bogdanovic, R. Brinkmann, D.-W. He, B. Spli-
tronic density of metal nanoparticles’ active sites, and hence ethoff, Angew. Chem. Int. Ed. Engl. 22 (1983) 728,
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