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Thin metallic (Pd and Pt) layer was coated over inner wall of
silica capillary tube (i.d. ¢ 0.33 mm x 100cm) by electroless
plating. Rapid and continuous decomposition of hydrogen per-
oxide (H,0;) was achieved at room temperature simply by pass-
ing the solution through the capillary.

Chemical reactions in microchannels can provide remarka-
ble advantages including excellent mass- and heat-transfer prop-
erties, process safety, large surface to volume ratio and enhance-
ment of reaction rate.! Capillary column reactors have been ap-
plied to various organic reactions and continuous material proc-
essing, particularly by the combination with heterogeneous
catalysts which have been introduced into capillaries as slurry?
by sol-gel deposition’ or impregnation over the interior surface.*
Self-assembling of nanoparticles (SiO, and TiO,) over capillary
inner walls was successfully achieved and applied to the sub-
strate for enzyme-immobilized microreactors.’ Triphase hydro-
genation reactions were examined by capillary column reactor
modified with colloidal palladium.® Organic reactions were at-
tempted by metal-supported capillary reactor coupled with elec-
trical potential charge’ or microwave irradiation.?

Electroless plating has been applied to the coating of various
thin metal films over nonconductive substrates including ceram-
ics and glasses. Thin layers of gold nanoparticles has been plated
over the interior surface of silica capillary tube.® Electroless
deposition of nickel was performed for patterning glass micro-
channels.!® Since electroless plating is a versatile procedure,
we have applied this technique for the coverage of capillary
inner surfaces with thin layers of palladium and platinum. Due
to the presence of a dense and continuous metal catalyst surface
combined with a large surface to volume ratio, rapid catalytic
reactions can be expected from a flow system. We attempted
the catalytic decomposition of hydrogen peroxide (H,O,) simply
by continuously feeding a solution into metal-coated capillary
reactors.

Electroless plating of metals proceeds by an autocatalytic
mechanism, which is initiated by activation of silica surface
by seeding with palladium particles. A capillary tube made of
fused silica (0.33mm id.,, 0.45mm o.d.,, 100cm in length,
10.1 cm? inner surface area, GL Science, Inc.) was treated with
concd HCI at 70 °C for 12 h. After washing with water and etha-
nol, 1% 3-trimethoxysilylpropyldiethylenetriamine dissolved in
toluene was filled into the hollow space and heated at 70 °C for
18 h in order to introduce the diethylenetriamine group. Palladi-
um nuclei as seed was immobilized onto the glass surface by the
ligand substitution reaction of [Pd(NH3)4]Cl, with diethylenetri-
amine terminal, followed by the reduction of palladium with
aqueous hydrazine solution.

Figure 1. Optical microscope and cross-sectional SEM images
of the capillary microtubes. a) silica microtube before (upper)
and after palladium coating (lower), b) triphase structure of
the capillary with palladium layer inside the tube, and c) thick-
ness of the palladium layer.

After seeding, electroless plating of palladium was achieved
by continuously feeding (0.5mL min~') of a plating solution
(40 mL, 50°C) composed of 0.01 M [Pd(NH3)4]Cl,, 0.15M so-
dium ethylenediaminetetraacetate, 1 M NH3, and 0.01 M hydra-
zine. Peristeric pump was used for feeding of solution into capil-
lary throughout this work. The amount of coated palladium was
determined to be 39.2mg by ICP-AES analysis of the solution
out of the capillary. In the course of plating, the transparent ca-
pillary turned to a metallic color (Figure 1a). In the case of plat-
inum, a plating solution containing 0.003 M [Pt(NHj3)4]Cl, was
used in place of [Pd(NH3)4]Cl, under a similar procedure except
for the temperature (70 °C). The amount of platinum deposited
was determined to be 23.8 mg. The shape of the metal-plated
silica capillary can be flexibly changed by bending or twisting.

The cross-sectional SEM image of the palladium-coated
capillary (Figure 1b) shows triple layers composed of a poly-
imide outer cover, the silica tube, and a thin palladium inner
layer. The observed thickness of the palladium layer (2.7 um
from Figure 1c) is in rather good agreement with that calculated
from the amount of deposited palladium by assuming uniform
coating (3.2 um). Similarly, the thickness of the platinum layer
directly observed by SEM (1.0 um) was well consistent with that
calculated from the amount of platinum consumed by plating
(1.1 pm).

The performance of the capillary was evaluated by the
catalytic decomposition of H,O,. Efficient treatment of H,O,
is important since it is widely used as an oxidant in chemical
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Figure 2. Concentration of H,O, solution out of the capillary
reactor treated at various temperatures. a) Palladium-coated ca-
pillary, b) platinum-coated capillary. Inset in Figure 2b is the
magnified graph. Length of capillary was 100cm, H,0, feed
was 15¢g L~ !, and the flow rate was 0.5 cm? min~!.

industries, bleaching of paper, sterilization, and water treatment.
Platinum group metals displayed high catalytic activity for de-
composition of H,0,.!! However, the precedent processes by
catalytic bed required high temperature or hydrogen gas supply
to attain high decomposition efficiency.!! We examined the con-
tinuous decomposition of H,O5 (15 gL ~!) by supply of the solu-
tion into capillary reactors (100 cm in length) with a flow rate of
0.5 cm® min~!. Based on the capillary inner volume (0.08 cm?),
the residence time of reactant was less than 10s. The concentra-
tion of H,O; in each fraction was determined by KMnOy titra-
tion. During the course of reaction, leaching of either palladium
or platinum did not occur.

The steady decomposition of H,O, was observed within
20 min irrespective of the reactors under the fixed feed rate
and temperature (Figure 2). The reaction is accompanied by an
active evolution of gas (H,O, = H,O + 0.50;) in the capillary.
Neither the blank silica nor palladium-seeded capillary signifi-
cantly decompose H,O,. Obviously the platinum-coated capilla-
ry reactor gave better catalytic performance than the palladium
reactor. More than 99.9% of H,0O, was decomposed at 20°C
by the platinum reactor, while the efficiency was low (ca.
50%) at the same temperature for the palladium reactor.

It is noteworthy that the newly plated palladium reactor
(Figure 2a) required an induction period prior to reaching a
steady decomposition state, whereas the platinum reactor did
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not. From the standard electrode potential, palladium (Pd™ +
2e~ = Pd’, 0.92V) is more susceptible to oxidation than plati-
num (Pt" 4 2e~ = Pt%, 1.19V).!? Presumably oxidized palla-
dium surface is responsible for catalytic activity since such an
induction period was not observed by preoxidation of the capil-
lary with 15% H,0,. In addition, the catalytic activity was sig-
nificantly lost when the palladium surface was reduced with
0.1 M hydrazine. Unlike palladium, the platinum reactor actively
decomposed H, O, after treatment with 0.1 M hydrazine, indicat-
ing that Pt° is the catalytically active species. Direct adsorption
of H,O, onto a platinum surface followed by dissociation into
OH or OOH was suggested in the case of platinum metal cata-
lyst.!31% The reaction was retarded by decrease of pH. This trend
was more significant in the palladium-coated reactor than the
platinum counterpart. Oxidized palladium surfaces are more sus-
ceptible to proton and/or anion interaction thereby access of
H,0, must be suppressed leading to inhibition of decomposi-
tion.!

The feature of the present metal-coating procedure is its
simplicity and applicability to a wide range of metal catalysts
by choosing desired metal as the plating solution. The capillary
provides continuous catalytic layer in the interior space of a
remarkably high surface area and volume ratio (1.25 x
10*m?>m~3). As the result, efficient decomposition of H,0,
(15gL~") was achieved within 10s at room temperature simply
by passing the solution into the reactor.
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