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Abstract

Pitch fibers were prepared from petroleum-derived isotropic pitch precursors using melt-blown spinning. Activated carbon fibers (ACF) were
formed from pitch fibers and after stabilization, carbonization and steam thermal activation were then further activated with Pd—Sn catalytic nuclei
in a single-step process. The activated ACF were then used as supporters in the specific, electroless deposition of fine copper particles. Field
emission scanning electron microscopy-energy dispersive X-ray spectroscopy results showed that the ACF were uniformly coated with nearly pure
fine copper particles, and the copper content on the ACF increased with deposition time. The amounts of copper on the ACF and their crystalline
characteristics were analyzed using an inductively coupled plasma and a X-ray diffractometry, respectively. With the copper particles-deposited on
the ACF, the removal of nitrogen monoxide (NO) for four different deposition times (5, 10, 15 and 20 min) was tested. Experiments on the
removal of NO were carried out in a packed bed tubular reactor with various reaction temperatures ranging between 423 and 673 K. For all
deposition times, the NO removal efficiency increased with increasing reaction temperature up to 673 K. The NO removal efficiency was the
highest when the amount was Cu/ACF =110 mg/g (deposition time of 5 min), however, decreased at Cu/ACF beyond 110 mg/g (deposition times

of 10, 15, 20 min) due to the decreased adsorption as a result of the increased amount of copper.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Porous carbon materials, due to their extensive specific sur-
face area, high adsorption capacity, microstructure, and special
surface reactivity, have been widely used in separation, pu-
rification, and catalytic processes [1]. Activated carbon fibers
(ACF), highly microporous carbon materials [2—4], are
commercially available in the form of fiber tows, cloths (fabrics),
papers, mats and felts [5]. ACF have a larger micropore volume
and a more uniform micropore size distribution than granular
activated carbons (GAC) and; thus, are considered to have a
larger adsorption capacity and greater adsorption and desorption
rates [6—11].
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The ACF may be packed or constructed to fit almost any
geometry for almost any catalytic application and satisfies the
requirements of high catalyst effectiveness and a low pressure
drop for finely divided catalysts, but avoids the technical
problems associated with powders. For example, the ACF may
be employed for the removal of NO, [12—16], but only phys-
ically adsorbs a limited amount of NO because of the weak
interactions between the two [17,18]. The catalytic reduction of
NO to N, and O, using ACF employing a transition metal (Ni,
Fe, Cu, or Pd) prepared by the impregnation and precipitation of
an aqueous solution of the metal, has previously been inves-
tigated [1], copper has been shown to possess the most efficient
catalytic activity toward the reduction of NO to N, and O,, both
with and without O, [19,20].

Recently, electrolytic metal deposition, of an aqueous solu-
tion of metal ions, has been proposed as a useful method for the
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introduction of a metal onto carbon surfaces and into carbon
micropores [1,21]. Electroless metal deposition is a kind of
electrolytic metal deposition and can be effective for coating
ACF [21-23]. Electroless metal deposition refers to the depo-
sition of a metal onto a substrate, without an external electric
current, via oxidation—reduction reactions [24]. The electroless
deposition technique enables catalytic components to be easily
and uniformly deposited in some channels of supporter with a
complex configuration, provided that the deposition solution is
in contact with the channel walls [25].

For the stable deposition of fine metal particles onto the
ACEF, the catalytic activation method proposed by Ang et al.
[26] and Xu et al. [27] was employed. These two investigations
studied the coating of carbon nanotubes with nickel and copper,
respectively. The nanotubes were activated in one activation
bath (single-step process). In our study, a single-step process
was used to catalytically Pd—Sn activate the ACF and; thus, to
introduce metallic Pd sites onto the ACF surfaces for the
electroless copper deposition [28]. The metallic Pd sites worked
effectively in the electroless deposition of copper due to the
galvanic displacement of the metallic Pd by Cu [24,29].

In the present study, pitch-based ACF were first coated with
fine particles using electroless copper deposition and then
characterized by field emission scanning electron microscopy
(FESEM), energy dispersive X-ray spectroscopy (EDX), X-ray
diffractometry (XRD), nitrogen adsorption and inductively
coupled plasma (ICP) analysis. Finally, the effect of the copper
particles on the catalytic reduction of NO was investigated at
various reaction temperatures in the absence of oxygen.

2. Experimental

Pitch-based ACF were synthesized using a conventional
melt-blown spinning method. The fibers, | mm in diameter,
were produced, using extruding melt (IPP; SK Chemical Co.,
Korea) through a round-shaped mono-hole spinneret (L/D=2,
D=70 mm), under pressurized nitrogen at 6 kg/cm?, 673 K,
with subsequent drawing at a take-up speed of 550 m/min. The
melt-blown spinning pitch fibers were then oxidatively
stabilized in air by heating to 673 K at 1 K/min for 2 h. The
stabilized pitch fibers were then carbonized by heating in an N,
atmosphere to 1273 K at 10 K/min for 30 min. After holding the
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carbonized fibers at 1223 K for 30 min, they were finally
activated in steam (50 vol.%) carried by N,. These ACF were
washed with deionized water and dried overnight at an ambient
temperature.

Since the bond strength of the copper particles on the ACF was
very sensitive to surface contamination, the ACF were thoroughly
degreased by immersing in a diluted degreasing agent bath
(50 mL of CC829, Yooil Material Technology, Korea, mixed with
950 mL of DI water) at 327 K for 10 min. After washing the
degreased ACF three times with DI water, the palladium and tin
species were introduced onto by immersing in a mixed Pd—Sn
colloidal solution at 318 K for 6 min. A solution (30 mL of
CATA 1064, Yooil Material Technology, Korea) diluted with 1 M
of nitric acid (970 mL) was used as a mixed Pd—Sn colloidal
solution. The catalytically activated ACF were immersed in an
acceleration solution bath (50 mL ACCEL9S5, Yooil Material
Technology, Korea, diluted to 1000 mL with DI water) for 7 min
at 298 K and then washed with DI water a further three times. The
acidic accelerator was used to preferentially dissolve the
protective layer (mainly Sn layer), exposing a greater surface
area of the catalytic Pd nuclei. When the catalytically activated,
accelerated ACF were immersed in an electroless deposition bath,
copper was deposited at the catalytic sites, with copper particles-
deposited ACF finally obtained. The deposition bath (1 L)
consisted of copper sulfate dominant solution (120 mL EC1051A,
Yooil Material Technology, Korea, diluted to 500 mL with DI
water) and formaldehyde dominant solution (110 mL EC1051B,
Yooil Material Technology, Korea, diluted to 500 mL with DI
water) at 298 K for various treatment times ranging from 0 to
20 min.

To study the surface structures of the ACF, wide-angle XRD
patterns of the ACF were obtained with a Rigaku Model D/
MAX-Rint 2000 (Japan) diffraction meter using CuKo radiation
(4=0.15418 nm) at 30 kV and 20 mA. A thin powder sample of
the ACF was placed onto an oriented monocrystalline quartz
plate and scanned from 10° to 80° (260) at 4°/min. A FESEM
(JSM-6500F, JEOL, Japan) was used to observe the surface
morphology of the ACF as well as the distribution of copper
particles. A chemical analysis was performed using EDX (JED-
2300, JEOL, Japan). The amount of copper particles on the
ACF sample was determined using an ICP (Elan 6000, Perkin—
Elmer, US). Approximately 0.1 g of the sample was dissolved in
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Fig. 1. Diagram of experimental set-up for NO removal test.
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50 mL nitric acid, and the mixture was diluted to 100 mL with
DI water. After 3 h, the sample was filtered, with the remaining
mixture delivered for ICP analysis. The nitrogen adsorption
isotherms of an ACF sample were measured using a porosimeter
(ASAP 2010, Micromeritics Ins. Corp., US) at 77.4 K with
relative pressures ranging from 107 ° to 1. High purity
(99.9999%) nitrogen was used for a material to be adsorbed.
All samples were degassed at 573 K for 2 h before each mea-
surement. The specific surface area was determined using the
Brunauer, Emmett, and Teller (BET) equation. The total pore
volume, which was estimated on the basis of the N, volume
adsorbed at a relative saturation pressure (~0.996), actually cor-
responded to the total amount adsorbed. The pore size distribution
was determined using the Barrett, Joyner, and Halenda (BJH)
method, which uses the area of the pore walls and the Kelvin

(a)

3573

equation to correlate the relative N, pressure at equilibrium with
the amount of porous solid, with the size of the pores where the
capillary condensation occurs.

Fig. 1 shows the experimental set-up used for the NO
removal test. For each experiment, 3 g of the prepared ACF
(140 mm in length) was initially inserted into a quartz tube
reactor (10 mm in diameter and 500 mm in length) and heated
under an N, flow at 423 K for 1 h inside an electric furnace
(1 kW). The wall temperature of the reactor increased from 423
to 673 K using a proportional integral derivative (PID) tem-
perature controller. Stainless steel (SS) mesh was used to sup-
port the ACF and minimize the channeling phenomenon. Model
NO gas in N, at room temperature was delivered to the reactor
and mixed with N; (99.9999%)) gas, resulting in a NO concen-
tration of 160 ppm at the reactor inlet. Absolute filters were used
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Fig. 2. FESEM micrographs of pristine and copper-deposited ACF. (a) Cu-00 (b) Cu-05 (¢) Cu-10 (d) Cu-15 (e) Cu-20 (f) High magnitude micrograph.
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to filter out contaminant particulate matters existing in the test
gases. The total gas flow rate through the reactor was main-
tained at 3 L/min by adjusting two mass flow controllers (MKS
Instrument, US). An orifice was used to promote mixing of NO
and N, fluid dynamically.

The concentration of NO was continuously measured using a
chemiluminescence NO analyzer (Thermo Electron Instruments
Inc., Model 42¢, US), which monitors NO at a sampling rate of
0.7 L/min. The NO removal efficiency was determined by
measuring the concentration of NO at the outlet of the reactor.
Experiments were repeated four times, with the average values
reported.

J.H. Byeon et al. / Surface & Coatings Technology 202 (2008) 3571-3578

3. Results and discussion

Fig. 2 shows FESEM of ACF samples coated with Cu at
different operating time from 5 to 20 min. Cu-05, Cu-10, Cu-15
and Cu-20 represent copper coated ACF for deposition times of
5, 10, 15 and 20 min, respectively, while Cu-00 represents
pristine ACF. With increasing deposition time, more particles
were deposited onto the surface of a fiber, which grew larger,
with “snowflake” shaped particles or aggregates of 50 nm—1 pm
observed, as shown in Fig. 2(b) and (e). Additionally, the av-
erage sizes of individual copper grains were obtained from SEM
micrographs shown in Fig. 2(f). They were 6.8+1.64, 7.4+ 1.59,
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Fig. 3. EDX profiles of pristine and copper-deposited ACF. (a) Cu-00 (b) Cu-05 (c) Cu-10 (d) Cu-15 (e) Cu-20.
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14.6+1.58 and 16.8+1.62 nm for Cu-05, Cu-10, Cu-15 and Cu-
20, respectively. The SEM micrographs revealed copper par-
ticles, as examined by EDX analyses, as shown in Fig. 3. The
EDX results showed that an ACF sample contained carbon,
copper and a small amount of oxygen. The observed oxygen
may have originated from the ACF. Fig. 3 shows that with Cu-00
no copper peak was observed, but the copper-deposited ACF
samples had some CuKa and CulLa, etc. peaks, indicating the
presence of copper in the ACF samples. The Cu-05 and Cu-10
samples also contained a small amount of tin, which may have
originated from the Pd—Sn activation. However, it was in-
teresting that no tin was detected for deposition times longer than
10 min implying the Cu-15 and Cu-20 ACF samples used for the
analysis were entirely covered with copper.

The surface structures of the copper particles-deposited ACF
samples were also studied using the wide-angle XRD method.
Fig. 4 shows sharp peaks at around 260 =43°, 50° and 74°, which
corresponded to the (111), (200) and (220) planes of the copper
(JCPDS 4-836) on the ACF surfaces, respectively. The average
crystallite sizes estimated from the XRD line broadening of the
(111) peak, according to Scherrer’s equation (¢=0.94/(Bcosb)),
were 3.97, 6.85, 12.44 and 14.95 nm for copper deposition
times of 5, 10, 15 and 20 min, respectively. The sharpness of the
copper peaks proved that the copper particles had a nearly
perfect crystal structure. The intensities of the copper peaks
increased with deposition time, which was caused by the growth
of the copper particles. The intensity of the copper peaks and the
crystallinity of the copper-deposited ACF were strengthened
with increasing deposition time. From the ICP analyses, the
mass of copper per unit mass of ACF was obtained. Fig. 5
shows that the amount of copper increased with increasing
deposition time. The specific surface areas of copper were
calculated using the data of XRD and ICP, and the results were
19.4,25.4, 17.0 and 18.3 m*-Cu/g-ACF for Cu-05, Cu-10, Cu-
15 and Cu-20, respectively.

Once the copper-deposited ACF had been characterized,
they were applied as catalyst fibers to enhance the NO removal
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Fig. 4. X-ray diffraction patterns of copper-deposited ACF.
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Fig. 5. Amount of copper as a function of deposition time (by ICP analysis).

efficiency. Fig. 6 shows the results under various temperature
conditions. The test NO gas was injected into the reactor at a
concentration of 160 ppm (N, balance). When no copper
particles existed on the ACF, NO was adsorbed onto the surface
of the carbon fibers, and this adsorption slightly increased
with increasing temperature. However, after about 4 min, the
adsorption drastically decreased at all temperatures. When
copper particles existed on the ACF, in addition to the adsorp-
tion by the carbon fibers, NO, which was adsorbed onto the
carbon fibers, would transfer to the neighboring copper particles
by surface diffusion, resulting in the catalytic reduction of
NO around the copper particles. For temperatures below 473 K,
the amount of copper on the ACF had little effect on the removal
of NO. However, when the temperature was equal to or higher
than 573 K, more NO was removed with the copper-deposited
samples. At a reaction temperature of 673 K, the removal ef-
ficiencies at the steady-state were 80—90%. Of note: for tem-
peratures between 573 and 673 K; however, the highest removal
efficiency was achieved with the Cu-05 sample, even though
the amount of copper, acting as a catalyst, was lowest. The re-
moval efficiency decreased as the amount of copper was further
increased.

To understand the adverse effect of an excessive amount of
copper on the removal of NO, the porosity and specific surface
area properties of the copper-deposited ACF were measured.
Fig. 7 shows that the greatest uptake occurred at a relatively low
pressure (P/Py<0.1) and reached a plateau at P/Py~0.3, im-
plying that all the ACF samples, according to the IUPAC
classification, had microporous characteristics (type I isotherm)
[30]. The specific surface area was largest for the Cu-00, and
decreased with increasing amount of copper as the deposited
copper particles could block or take up some pores of the cor-
responding ACF support.

The pore size distributions of the samples were also measured.
Fig. 8 shows that the pore size distributions of all the samples were
concentrated at pore diameters smaller than 30 A. Pores within
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Fig. 6. NO removal characteristics of pristine and copper-deposited ACF. (a) At 423 K (b) At 473 K (c) At 573 K (d) At 623 K (e) At 673 K.

porous materials are typically classified as micropores (<20 A),
mesopores (20—500 A) and macropores (>500 A), in accordance
with the classification adopted by the [UPAC [30]. Fig. 8 shows
fairly homogeneous microporous size distributions. The pore
volumes decreased with increasing amount of copper, as the

copper particles blocked or were located on the pore walls.
Detailed results on the textural properties of the samples are
summarized in Table 1. The specific areas, average pore diam-
eters, total and micropore volumes decreased with increasing
deposition time. As summarized in Fig. 9, the steady-state NO
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removal efficiency at all temperature was nearly zero (adsorp-
tion = desorption) when pristine ACF were used. The NO re-
moval efficiency was the highest when the amount was Cu/
ACF=110 mg/g (deposition time of 5 min), however, decreased
at Cu/ACF beyond 110 mg/g (deposition times of 10, 15, 20 min)
due to the decreased adsorption as a result of the increased amount
of copper.

XRD and EDX analyses of copper-deposited ACF were
carried out after they were used for NO removal tests. Part of
copper particles was oxidized.

4. Conclusions

In the present study, pitch-based ACF were initially coated
with copper fine particles using electroless copper deposition,
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Table 1

Textural properties of pristine and copper-deposited ACF

Sample  SSA® (m*g)  TPV® (em’/g)  MPV® (em’/g)  APDY (A)
Cu-00 1590 0.87 0.77 11.6
Cu-05 1321 0.72 0.68 10.9
Cu-10 1201 0.66 0.61 10.6
Cu-15 1134 0.62 0.57 10.7
Cu-20 1029 0.56 0.53 10.5

Specific surface area.
"Total pore volume.
“Micropore volume.
dAverage pore diameter.

and then characterized using FESEM, EDX, XRD, nitrogen
adsorption and ICP analyses. The amount of copper particles
was easily controlled by regulating the deposition time. Finally,
the effect of copper particles on the catalytic reduction of NO
was investigated at various reaction temperatures in the absence
of oxygen.

Pitch fibers were prepared from petroleum-derived IPPs
using melt-blown spinning. After the fibers had been stabilized,
carbonized, and thermally activated by steam, they (ACF) were
then further activated with Pd—Sn catalytic nuclei in a single-
step process. The catalytically activated ACF were used as
supporters for the specific, electroless deposition of fine copper
particles. The FESEM-EDX, ICP and XRD results show that
the ACF were uniformly coated with nearly pure fine copper
particles and that the amount of copper on the ACF increased
with increasing deposition time.

With the copper particles-deposited onto the ACF, the NO
removal efficiency was tested at four different deposition times
(5, 10, 15 and 20 min). Experiments were performed in a packed
bed tubular reactor under various reaction temperatures (423—
673 K). For all deposition times, the NO removal efficiency
increased with increasing reaction temperature up to 673 K. The
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NO removal efficiency was the highest when the amount was
Cu/ACF=110 mg/g (deposition time of 5 min), however, de-
creased at Cu/ACF beyond 110 mg/g (deposition times of 10,
15, 20 min) due to the decreased adsorption as a result of the
increased amount of copper.
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