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Flexible adsorptive fiber from activated carbon powder
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ABSTRACT

Flexible adsorptive polymeric fiber was prepared from a mixture of activated
carbon powder, paraffin wax and polypropylene. Activated carbon powder was first coated
with paraffin wax. The optimum amount of wax was found to be about 23% by weight of
activated carbon. The activated carbon-wax mixture was then mixed with polypropylene
with the ratio of PP:activated carbon of 87:13 by weight. The best method to produce
adsorptive fiber is, first, to melt-spin the mixture into continuous fiber. Then this as-spun
fiber is drawn to the highest possible draw ratio in order to give it adequate strength for
further processing. Finally the paraffin wax is extracted with hexane. The performance of
the fibers prepared in this way was evaluated from methylene blue adsorption capacity.
After extraction the fiber could adsorb more methylene blue than before. Drawing also
enhanced the adsorption capacity. The adsorption capacity of the activated carbon in the
drawn and extracted fiber is approximately 97% that of the starting activated carbon powder.
The adsorptive fiber displays mechanical strength that is high enough for further processing
in general textile machineries.
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INTRODUCTION

Activated carbon (AC) is a high-porosity and high surface areca material
which is useful in adsorption of both solutes from solution and gases. It has long
been widely used for the recovery of solvents, the separation of gases, the removal
of organic pollutants from drinking water and as a catalyst support. As
environmental pollution is becoming a more serious problem, the need for AC is
growing. AC can be produced from various raw materials such as sugarcane
bagasse (Bernard et al., 1997), natural cellulose (Phan et al., 2006), waste tires
(Ariyadejwanicha et al., 2003), coal (Sun et al., 1997), wood (Mukherjee et al.,
2007; Barkauskas et al., 2004), post consumer plastic (Marzec et al., 1999) and so
on. It has many forms such as powder, granular and extruded. One of the main
drawbacks of these forms is that it must be held in some kind of containing
materials.  Recently activated carbon fiber (ACF) has been developed and
considered to be the substitute of conventional AC due to its higher sorption
characteristics, as well as very high rates of adsorption, plentiful micropores, and
high surface area in comparison to the granular form (Zhu et al., 2009; Li and
Zhang, 2009; Bui et al., 2009; Zhang et al., 2009). The production of ACF is
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similar to conventional AC except that the starting material has to be in fiber form.
ACF can be used in various forms such as fabric, filler and felt in different
applications. Nevertheless, the drawbacks of ACF are the complication of the
manufacturing process and the brittleness of the fiber. Since there are plentiful AC
granules or powders on the market, it would be very useful if the powder could be
incorporated into a flexible polymeric fiber. This AC containing polymeric fiber
would provide much easier handling than conventional AC and thus widen its
utilization. The purpose of this work is to present a method to prepare such
adsorptive fiber.

For AC to be adsorptive, its porous structure has to be accessible. If AC
powder is incorporated directly into a polymeric matrix these pores would just be
blocked and it would be rendered inactive. To preserve this accesses, a special
concept as shown in Figure 1 is needed. A protective coating must be applied to the
AC powder before it is incorporated into the polymeric carrier. This protective
coating will then be extracted out with an appropriate solvent in order to provide
accessible path to the pores. In addition, the amount of AC powder has to be high
enough so that a solvent percolation path is formed throughout. To our knowledge,
there is only one patent literature (Lopatin et al., 1997) that discloses a similar
concept. However, very limited detail was presented regarding the effect of various
parameters on the performance of the adsorptive fiber. In this research the effects of
the drawing process and of the protective coating extraction on the adsorption
capacity of the fiber were investigated. In addition, mechanical properties and
morphology of the fibers were also studied.

Protective coating

extraction

Forous stimciure

Starting AC

Polymer

Figure 1 A concept to produce adsorptive fiber from mixture of activated carbon
(AC) and polymeric matrix.

EXPERIMENTAL
Materials

Polypropylene (PP) was commercially available HP400H manufactured by
HMC Polymers (Rayong, Thailand) in the form of pellets. AC was water
purification grade (Coconut shell based, steam activated, Mazuma (Thailand) Co.
Ltd., Bangkok, Thailand). AC was ball-milled to particle size of about 8-15 um.
Paraffin wax (PE Wax H109) was purchased from SQI group Co. Ltd. (Bangkok,
Thailand), and used as protective coating. Hexane was used as a solvent to extract
paraffin wax.
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Preparation of adsorptive PP fiber

Mixtures containing different amounts of PP, paraffin wax and AC powder
were prepared using a small scale laboratory mixer (Haake Rheocord 90, Thermo
Electron Corporation; Waltham, MA, USA). The ratio of PP:AC was fixed at 87:13
by weight. The amount of paraffin wax was based on that of AC and varied from 0-
32% by weight.

AC powder was first added to the mixer set at 180 °C. Then the paraffin
wax was added and mixing continued for 10 min. Afterwards, the PP was slowly
added, and the mixing continued until uniform. The mixture was taken out and
allowed to cool. It is transformed into fiber by extrusion using a Randcastle
monofilament line (Randcastle Extrusion Systems, Inc., Cedar Grove, NJ, USA).
There were three heating zones along the barrel of the single screw extruder and one
at the die exit. The temperatures were set at 130, 190, 195 and 215 °C for zones 1,
2, 3 and die, respectively. Screw speed was 3 rpm. The as-spun fiber was air-cooled
and then hot drawn in a glycerol bath set at 145 °C to different draw ratios (DR)
with two sets of rollers running at different speeds. DR is defined as the ratio of the
final length of the fiber to the starting length and can be simply calculated from the
ratio of the speed of the fast rollers to the slow rollers. Fiber with a draw ratio of X
will be coded as DR-X fiber. Finally, the fiber was extracted with hexane and dried
under vacuum.

Methylene blue adsorption capacity

Methylene blue (MB) was chosen as adsorbate to test the adsorption
capability of the AC. MB stock solution was prepared by dissolving accurately
weighed MB in distilled water to a concentration of 50 ppm. The experimental
solution was obtained by diluting the MB stock solution. Adsorption of MB on AC
was carried out using batch experiment methods. 50 ml of MB solution was added
into Erlenmeyer flasks containing fiber sample and stirred at room temperature until
equilibrium was obtained. Then, the concentrations of the MB solution were
determined spectrophotometrically using a UV-Vis spectrophotometer at a
wavelength of 610 nm (Lambda 35, Perkin Elmer, Shelton, CT, USA). MB
adsorption capacity is evaluated based on the weight of AC in the fiber since it is
AC that is capable of adsorbing.

Tensile properties measurement

Tensile properties of the drawn fibers were measured by tensile testing
machine Instron 5569 (Instron, High Wycombe, England) at room temperature. The
sample gauge length was 10 cm and the cross head speed was 5 cm/min. For each
samples, ten specimens were measured and the averaged values were reported.

Scanning electron microscopy (SEM)

SEM images of fibers for morphological studies were obtained using a
Hitachi S-2500 electron microscope (Hitachi, Tokyo, Japan) operating at an
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accelerating voltage of 15 kV. The fibers were sputtered coated with gold to ensure
good electrical conductivity. In order to examine the fiber internal structure, the
fiber was embedded in thermoplastic rubber and the surface was removed using a
microtome. Internal structures both before and after solvent extraction were
examined.

RESULTS AND DISCUSSION
Effect of paraffin wax

First, it is important to demonstrate the necessity of using a paraffin wax
protective coating for AC powder in the fiber to remain adsorptive. Figure 2 shows
MB adsorption capacity for unextracted as-spun fiber, extracted as-spun fiber, drawn
fiber and AC powder. It can be seen that AC powder displays the highest MB
adsorption capacity. On the other hand, unextracted as-spun fiber displays a
negligibly small MB adsorption capacity. After extraction, the MB adsorption
capacity of the fiber increases significantly to about 45% that of the starting AC
powder.

Since as-spun PP-AC fiber was relatively thick and not so strong, attempts
were made to increase its strength by drawing the fiber to increase molecular
orientation of the PP matrix. It is seen, as shown in Figure 2, that drawing of the
fiber (even to DR of only 5) could also enhance the MB adsorption capacity further
to about 55% that of the starting AC powder. This shows that the extraction process
could remove the paraffin wax protective coating and clear the paths to pores of AC
powder. The fact that the MB adsorption capacity for AC in the fiber is only about
half that of the starting AC powder would suggest that either pores of the powder are
still blocked or particles are isolated and not extracted and, therefore, inaccessible
for the adsorbate molecules. Drawing improves the process by causing separation,
thus creating voids between AC particles and polymer matrix and increase
percolation path for the solvent. The occurrence of voids in drawn or deformed
polymer containing particulate fillers are not unexpected (Kausch et al., 2000; Kwon
et al., 2002; Wang et al., 2002; Parsons et al., 2005). The optimum amount of
paraffin wax and draw ratio were determined in the following sections.
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Figure 2 Methylene blue (MB) adsorption capacity (mg/g of carbon) of unextracted
as-spun fiber, extracted as-spun fiber and extracted drawn fiber (with a
draw ratio of 5) and starting AC powder.

In order to visually observe the effect of paraffin wax extraction and
drawing, the surfaces of the fibers and the internal structure of the fiber before and
after the extraction were examined with scanning electron microscope. The surfaces
of as-spun and drawn fibers and internal structure of the drawn fiber are displayed in
Figures 3-5, respectively. For as-spun fiber, the extraction did not appear to change
the surface of the fiber significantly (Figure 3). AC particles are seen slightly
clearer for the extracted fiber. For drawn fiber (Figure 4), much rougher surface
with many longitudinal grooves and AC particles are clearly seen after extraction
indicating that the soluble paraffin wax must have been removed. Similar changes
are also observed for the internal structures of drawn fiber as shown in Figure 5. No
AC particles were observed before extraction. On the other hand, AC particles are
seen distributed over the surface after extraction. These observations confirmed the
effect of paraffin wax extraction on the MB adsorption capacity.
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Figure 3 Scanning electron micrographs at two levels of magnification (X100 and
X100 times) of surfaces of as-spun fibers before (A and B) and after (C
andD) paraffin wax extraction.

Figure 4 Scanning electron micrographs at two levels of magnification (X100 and
X100 times) of surfaces of drawn fibers (draw ratio of 5) before (A and
B) and after (C and D) paraffin wax extraction.
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Figure5  Scanning electron micrographs of internal structure of fibers drawn to a
draw ratio of 5 before (A) and after (B) paraffin wax extraction.

Effect of paraffin wax loading

From the previous section, it is shown that it is important to have paraffin
wax protective coating. It is conceivable that there should be an optimum amount of
paraffin wax which just enough for all AC particles to be covered. At too low the
amount, some particles would not be covered and the polymer matrix will block the
pores. Since the paraffin wax is required to coat the AC powder, the amount of it
will be based on the amount of AC powder. Figure 6 displays the effect of the
amount of paraffin wax on the MB adsorption capacity of extracted drawn fibers.
All fibers were drawn to the draw ratio of 10. When no paraffin wax was added
(PP-AC), the fiber displays about 310 mg of MB per g of AC. This value is larger
than expected as compared with the unextracted as-spun fiber (64 mg of MB per g of
AC) shown in Figure 2. The increase may be explained by voiding in the system
caused by drawing as mentioned in the previous section. These voids would
certainly increase the percolation path for the extraction solvent.

When paraffin wax loading was increased, the MB adsorption capacity
increased significantly and then peaked at about 23 wt%. At this point, the MB
adsorption capacity was about 954.4 mg of MB per g of AC which is about 84% of
starting AC powder under the same condition. This MB adsorption capacity is equal
to 123.6 mg MB per g of fiber. This value is considered rather high when compared
with that reported for granular form which are less than 70 mg per g of material but
still low when compared with that of ACF (Yamashita et al., 2001; Weng et al.,
2009).
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Figure 6 MB adsorption capacity (mg/g of carbon) of extracted PP-AC fibers
containing different amount of paraffin wax and drawn to a draw ratio
of 10.

Effect of drawing

It has been shown above that drawing can influence the MB adsorption
capacity. In this section, the effect of drawing was investigated in more details. For
this set of data, the amount of paraffin wax was fixed at 23 wt% (of AC) and the
draw ratio was varied. First, the amount of extracted paraffin wax was studied for
fibers drawn to draw ratios of 5, 7, 10 and 15. The results are shown in Figure 7. It
can be seen that the as-spun fiber displayed the lowest amount of extracted wax and
when the fiber was drawn, the amount of extracted wax increased and then level off
at around 80%. This suggests that the maximum amount of extracted wax is about
80% of the amount loaded into the system. The MB adsorption capacity for these
fibers is shown in Figure 6. Slightly different trend is seen that is the as-spun fiber
displayed the lowest MB adsorption capacity. However, when the fiber was drawn,
the MB adsorption capacity increased with increasing draw ratio. The MB
adsorption capacity of DR-10 drawn fiber is about twice that of the as-spun fiber.
At draw ratio of 15, the adsorption capacity increases further and is now about 97%
that of the starting AC powder. The MB adsorption capacity is now increased to
142.7 mg per g of fiber, more than double that of AC in granular form (Y amashita et
al., 2001; Weng et al., 2009). The results also suggest that although the amount of
extracted wax had reached the highest value but drawing could still improve the MB
adsorption capacity of the fiber. This could be attributed to the development of
more and, possibly, elongated and interconnected voids within the fiber during
drawing and therefore opening more access to the pores of AC particles.
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Figure 7 Percentage of extracted paraffin wax (O) from PP-AC fibers of different
draw ratios and their corresponding MB adsorption capacity (<>). The
dotted line represents the MB adsorption capacity of the starting AC
powder included for easy comparision.

Mechanical properties

For the fiber to be processed into different products, its mechanical
properties should be high enough. Table 1 displays tensile strength of fibers
different paraffin wax loadings and draw ratios. Properties of PP fibers are included
for comparison. It can be seen that adding AC and wax causing the strength to drop.
Drawing could improve the strength of the fiber and the difference became smaller.
The strength at draw ratio of 5 is considered high enough for further processing into
different products by conventional textile method. It should be noted that stronger
fiber could be obtained by using much finer AC powder and also by adjusting the
ratio of paraffin wax. However, this is beyond that scope of this research in which
only the concept is illustrated.
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Table 1 Tensile strength of the adsorptive PP-AC fibers of different compositions
and draw ratios. (PP = Polypropylene, AC = Activated Carbon, Paraffin

wax = W).
Strength (MPa)
Materials
DR-7 DR-10 DR-15
PP 404.7+15.3 575.5+44.3 610.8+£36.2
PP-AC 165.1+£12.9 254.7+£23.2 -
PP-AC + 17%W 169.1+38.5 212.2+23.1 -
PP-AC + 20%W 175.9+28.9 234.4+26.2 -
PP-AC + 23%W 152.7+16.2 254.7+£20.6 -
PP-AC + 26%W 142.8+27.6 250.9+41.5 -
PP-AC + 29%W 1547+ 5.4 282.9+15.8 467.4+47.1
PP-AC + 32%W 197.2+£30.5 314.9+67.9 594.8+94.7

CONCLUSIONS

Adsorptive PP fiber containing AC powder was successfully prepared. The
fiber can be prepared by melt-spinning of PP-AC-paraffin wax mixture into
continuous fiber followed by paraffin wax extraction. The extraction is necessary
for clearing pathways into pores of AC particles for adsorption. Drawing could
improve the MB adsorption capacity. The adsorptive fibers have enough, although
lower than PP fiber, strength for further processing into products.
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