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The aim of this research is to produce activated carbons derived from polyacrylonitrile (PAN) fiber and
to examine their feasibility of removing heavy metals from aqueous solution. Thermogravimetric analy-
sis was used to identify the suitable conditions for preparing oxidized fiber and coke as activated carbon
precursors. Steam and CO, were used to activate the precursors. Activated carbons were characterized by
their pore texture, elemental compositions and surface functionalities. Batch adsorption and desorption
studies were carried out to determine the metal-binding ability of activated carbons. Two commercial

ii{iv\\;gtrg;:carbon activated carbon fibers (ACFs), i.e., A-20 and W10-W, were employed to compare the removal perfor-
Adsorption mance of PAN derived activated carbons. Influence of oxidation treatment of PAN fiber prior to steam
Desorption activation was also explored and discussed. Results indicated that steam produced a higher surface area

but a lower resultant yield as compared to CO,. Also, precursors activated by steam showed a greater
removal performance. For both activation methods, fiber displayed a better metal-binding ability than
coke. A small nitrogen loss from PAN fiber as a result of oxidation treatment assisted a greater removal
of Cu(Il) and Pb(II), but the interaction to Cu(Il) was found stronger. It is proposed that the formation of
cyclized structure by oxidation treatment minimized the nitrogen loss during steam activation, hence

Heavy metals
Polyacrylonitrile fiber

increased the uptake performance.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There has been increasing concern over the presence of toxic
metal ions in receiving water from metal-finishing or electroplating
industry [1]. Heavy metals can easily enter the food chain because
of their high solubility in water. These non-biodegradable species
have been proven hazardous and tend to cause a number of health
problems, diseases and disorders [2]. Industrialists have now been
looking for effective measures to comply with stringent contami-
nant limit set by the World Health Organization (WHO) [1,2].

Adsorption by activated carbon, by far, has become a method
of choice to offset this problem. Adsorption becomes a preferred
choice than other physico-chemical techniques of heavy metal
remediation due to its simplicity, cheap, easy to scale-up and most
importantly able to remove low concentration substance even at
part per million levels with high efficiency [1,3]. Activated carbon
has been widely used in water treatments because of its high spe-
cific surface area, chemical stability and durability [3]. Its utilization
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for heavy metals adsorption greatly relies upon surface acidity [4,5]
and special surface functionality [6-8], where the removal mech-
anisms may comprise of ion-exchange [4,5], basal plane-cation
interaction [4] and coordination to functional groups [6,7].

In recent years, considerable interest has been shown to a new
category of activated carbon in the form of fiber [9,10]. Activated
carbon fiber (ACF) is noted to possess a bigger bulk volume than
the ordinary pelletized or powdered activated carbon, thus giving
a fast adsorption and desorption rates [9]. ACF can be produced
from coal [11] and petroleum pitches [12,13], rayon [14], poly-
acrylonitrile (PAN) [15-17] and phenolic resin [18] through high
temperature gasificationin steam or CO,.Koetal.[19] reported that
steam was better than CO, for generating a well-distributed surface
area of ACF. Chemical activation by NaOH, KOH, H3PO4 or ZnCly,
however, has not been recommended because despite enhancing
the porosity, the reagent may also destroy the fiber morphology
[17,20].

Nowadays, PAN based ACF (PAN-ACF) has attracted much atten-
tion from many researchers due to its high adsorption performance
as compared to other counterparts. A number of studies have been
focused on the preparation of PAN-ACF from its raw precursor,
where the values of specific surface area varying from 500 to
900m?/g [15,17,21]. In other development, a great concern has
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been shown on the removal of organic compounds [9,18,22] and air
pollutants [17,23]. However, there is little information concerning
the use of PAN-ACF to remediate metal-contaminated wastewater
in much of the published literature.

The present work is devoted to prepare activated carbons from
PAN fiber and to evaluate their metal-binding ability. Steam and
CO, were used to activate the precursors. A-20 and W10-W,
two commercially available ACFs were employed for comparative
studies. Textural characteristics, elemental properties and sur-
face functional groups of each sample were correlated with the
adsorption and desorption performances. The influence of oxida-
tion treatment prior to steam activation was also examined and
discussed.

2. Materials and methods

All analytical-reagent grade chemicals were purchased from
Kanto Chemical Co., Inc. As-received petroleum pitch based acti-
vated carbon fibers namely A-20 and W10-W were purchased from
Unitika, Ltd. PAN fiber (69.9% C, 4.73% H, 25.4% N; 2.32% moisture)
was obtained from Toray Corporation, Japan. Model solutions con-
taining metal ions were prepared by dissolving the desired weight
of CuCl,-2H,0 and PbCl; in de-ionized water.

2.1. Oxidation and activation procedures

Thermogravimetric analysis was performed using a Seiko EXS-
TAR6000 TG/DTA6200 instrument to determine the oxidative
behaviors and to identify the suitable conditions for preparing oxi-
dized fiber and coke from PAN fiber. About 12 mg PAN fiber was
used for each analysis. The flow rate of gas was fixed at 300 mL/min
and the heating rate was set at 10 °C/min up to 400 °C. Two differ-
ent mediums (N, and air) and two different temperature settings
(long and short) were imposed. The long temperature setting took
about 20 h, at which the longest retention was at 195 °C for 9 h, fol-
lowed by 205 and 215 °C for 2 h, respectively. For short temperature
setting, the only retention was at 400 °C for 10 min.

In actual oxidation process, PAN fiber was treated in air at
various temperatures ranging from 195 to 280°C for 3-4 days,
depending on the amount of fiber employed. This stage is very
critical and special attention needs to be given in order to avoid
the fiber from shrinking and melting that will change its morphol-
ogy [21,24]. Once the oxidized fiber is prepared at 280 °C, further
treatment at a higher temperature can be done without changing
its physical structure. The coke was prepared by heating the PAN
fiber at 280-300 °C, and retained until smoke evolved and the fiber
completely shrunk to a metal-like coke deposits. The coke was then
ground to a powder form prior to activation.

The fiber was detached to obtain even distribution of surface
area during activation. About 1.5g of oxidized fiber was placed
at the center of a quartz tube inside a tubular furnace. Ny, a car-
rier gas, was introduced at a flow rate of 80 mL/min. Water at a
flow rate of 13.5 mL/h was injected at the upstream of the quartz
tube using an Eyela micro tube pump (Tokyo Rikakikai Co., Ltd.)
once the desired temperature was attained. Water was immedi-
ately evaporated to steam when reaching the activation chamber
and the process was held for the desired activation time. The sam-
ple was cooled to room temperature under N, flow at the end of
activation. The optimum activation conditions were determined by
varying temperature from 600 to 850°C and time from 15 min to
1 h. The resultant steam-activated PAN fibers were dried in an oven
at 115°C for 1 h to remove remaining moisture and then stored in
desiccators. The coke of PAN fiber was activated by steam under
the optimum activation conditions.

Procedures employed for CO, activation has been described by
Jia et al. [6]. Briefly, the oxidized fiber and coke were activated at
900°C for 1 h under a CO, flow rate of 300 mL/min.

Activated carbons derived from PAN fiber were designated as
PS60-80, CS80, PC90 and CCI0. The first alphabet refers to physical
appearance (P: PAN fiber, C: coke), and the second alphabet indi-
cates the activation method (S: steam, C: CO,), while the last two
numerals represent the activation temperature (for example 90:
900°C).

The oxidized fibers were subjected to oxidation treatment in
air flow of 300 mL/min using a tubular furnace at temperatures
between 300 and 450 °C for 30 min. The treated oxidized fibers are
designated as P30-45, where the last two numerals represent the
oxidation temperature (for example 30: 300 °C). These treated oxi-
dized fibers were activated by steam at 800 °C for 15 min under the
same previously mentioned N, and water flow settings. The resul-
tant steam-activated PAN fibers were defined as P30S-P45S, where
the last alphabet refers to steam activation.

2.2. Characterization of activated carbons

Textural characteristics of activated carbon were obtained at
liquid nitrogen temperature of —196°C using a Beckman Coul-
ter SA3100 surface area analyzer (USA). The activated carbons
were out-gassed in vacuum at 300°C for 2h prior to measure-
ment. The surface area of activated carbons was estimated by
BET (Brunauer-Emmett-Teller) model with assumption that the
adsorbed nitrogen molecule having the cross sectional area of
0.162 nm?, while the total pore volume was determined at relative
pressure, Ps/P, of 0.9814. Micropore volume and mesopore sur-
face area were obtained from the t-plot method. Mesopore volume
can be calculated by subtracting micropore volume from total pore
volume. Average pore width can be roughly calculated from BET
surface area and total pore volume.

Elemental compositions were measured twice using a Perkin-
Elmer PE2400 microanalyzer. The samples were dried at 115 °C for
2 h to remove physisorbed moisture prior to measurement.

Surface chemistry was determined using Boehm titration meth-
ods [25]. Different batches of 150 mg activated carbons were
brought into contact with 15 mL solutions of 0.1 M NaHCO3, 0.05 M
Na;CO3, 0.1 M NaOH and 0.1 M HCI. The mixtures were retained in a
mechanical agitatorat 100 rpm and 25 °C for 48 h. Then, the aliquots
were back-titrated with either 0.05M HCI for acidic groups or
0.1 M NaOH for basic groups. Neutralization points were observed
using two universal pH indicators, i.e., phenolphthalein for titra-
tion of strong base with strong acid, and methyl red for weak base
with strong acid. The amount of each functional group was calcu-
lated with assumptions that NaHCO3 neutralizes only carboxylic
groups, Nap;CO3 neutralizes carboxylic and lactonic groups, and
NaOH neutralizes carboxylic, lactonic and phenolic groups, while
HCl neutralizes basic groups [25].

2.3. Batch adsorption and desorption experiments

Thirty milligrams of activated carbon was added to conical flasks
containing 50 mL metal ions solutions of a relatively high concen-
tration. The selected concentrations for Cu(ll) and Pb(Il) were 20
and 40 ppm, respectively [2,6]. The solution pH was left unadjusted,
and was measured as 5.2 + 0.2. Adsorption of metal ions was carried
out at 25°C for 48 h in a stirred batch system.

Few drops of 0.1 M HCl were added to supernatant to stabilize
the metalions. The concentration of metal ions was measured using
an atomic absorption spectroscopy (AAS) model Rigaku novAA 300.
The amount of metal ions adsorbed by activated carbon in mmol/g
was calculated as (Co — Ce) x (V/m), where C, and Ce are respec-
tively the initial and equilibrium concentrations in mmol/L, V in
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Fig. 1. TG and DTG curves of long (A and B) and short (C and D) temperature settings of PAN fiber in air (A and C) and N; (B and D).

L is the volume of solution and m in g is the mass of activated
carbon.

Solutions already used for adsorption were decanted and coni-
cal flasks containing spent activated carbons were thereafter filled
with 50 mL fresh de-ionized water for desorption studies. The pro-
cedures and settings are the same as described for adsorption. There
was also a need to adjust the solution pH of Pb(II) to 3.7 because of
precipitation during adsorption. Each experiment was repeated at
least 3 times to ensure a good reproducibility of results.

3. Results and discussion
3.1. Oxidation and activation

Thermogravimetric profiles of PAN fiber are shown in Fig. 1. All
profiles show a common peak at temperatures between 49 and
53°C, which corresponds to the release of physisorbed moisture.
Clearly the intensity of the aforementioned peak in air flow (A and
C) is greater than that of N, (B and D) because the fiber tends to
adsorb moisture from air at ambient temperature. Another general
feature is a peak at temperatures ranging from 387 to 397 °C, which
can be attributed to the degradation of material and further strip
of volatiles. Under long temperature settings, PAN fiber reveals a
high intensity peak at 265 °C in air (A) as compared to that of inert
(B). The former could be assigned to the removal of CO, and HCN,
while only small amount of HCN and NHj3 is released for the latter
[26,27]. The presence of a high intensity peak in N,-treated PAN
fiber (B) at 322 °C, however, indicates an autocatalytic exothermic
reaction thatresults in the shrinking and melting of the fiber to form
coke deposits. This phenomenon also exists under short tempera-
ture settings (C and D) over the temperature range of 311-313°C,
where the sharp peaks of high intensity can be observed. More
volatile products are liberated once the coke is formed thus causing

a greater weight loss. Inappropriate oxidation treatment in nitro-
gen (B and D) may result in a greater weight loss particularly when
the coke is produced [27].

PAN fiber treated under long temperature setting in air was
found suitable to prevent the formation of metal-like coke deposits
so as to withstand high temperature activation. However, in actual
oxidation condition, the amount of fiber used was much greater
than that of thermogravimetric analysis. Thus, the settings for time
and temperature were adapted to the quantity used. Approximately
3-4 days were required to produce oxidized PAN fiber from 195 °C
to a final temperature of 280 °C. Frequent monitoring and mixing
were necessary because the fiber usually not uniformly oxidized
and easily shrunk.

Effect of temperature in steam activation of oxidized fiber on
BET surface area and yield is given in Fig. 2. Three to four indepen-
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Fig. 2. Effect of temperature on BET surface area and yield in steam activation of
PAN fibers (water flow: 13.5 mL/h, nitrogen flow: 80 mL/min, duration: 30 min).
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Fig. 3. Effect of time on BET surface area and yield in steam activation of PAN fibers
(water flow: 13.5 mL/h, nitrogen flow: 80 mL/min, T: 800°C).

dent BET measurements with at least two reproductions produce a
7-10% deviation from the average values. The BET surface area was
found to increase with increasing temperature. At 850 °C, the oxi-
dized fiber was completely vanished to volatiles, while at 600°C,
although the burn-off was only 30%, there was only a small pore
development generated by steam. The highest recordable value of
surface area was obtained at 800°C. At a higher temperature, the
linear structures of PAN are expected to coalesce to form a denser
graphite basal plane. It is clear that water molecules of steam not
only serve as activating agent to increase the surface area, but also
degrade the fiber at a higher temperature.

Effect of time in steam activation is shown in Fig. 3. The BET sur-
face area reached its optimum after 30 min activation, with a value
of 886 m2/g and 18% yield. In addition, the yield was decreased
with increasing activation time where the fiber was completely
destroyed after 60 min. The decrease of surface area after 45 min
activation was an early sign of fiber decomposition by steam at
800°C.

3.2. Characteristics of activated carbon
Characterization of activated carbon is important to understand
the properties that may affect the removal of metal ions. Fig. 4

shows the N, adsorption-desorption isotherms of activated car-
bons derived from PAN fiber, and two commercial ACFs (A-20 and
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Fig. 4. N, adsorption-desorption isotherms of activated carbons derived from PAN
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branch.
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Fig.5. Pore size distributions of (A) activated carbons derived from PAN fiber and (B)
commercial ACFs. Open symbols represent differential pore volume, closed symbols
represent cumulative pore volume.

W10-W). All activated carbons exhibit a convex upward isotherm
with steep slope at low Ps/P,, which is indicative of a highly
microporous material. According to IUPAC classification [28], these
activated carbons can be described under type I isotherm with a
small type H4 hysteresis, which is associated with a narrow pore
size distribution of microporous material with plate-like pores.
Visibly, A-20 and W10-W possess a higher surface area than acti-
vated carbons derived from PAN fiber because of a greater volume
adsorbed as Ps/P, approaching unity.

Textural characteristics and yield of activated carbons are listed
inTable 1.1t is evident that steam was effective to produce a greater
surface area and pore volume, but the resultant yield was lower
than that of CO, for both oxidized fiber and coke. A higher degra-
dation of material by steam is due to a rapid burn-off by water
molecules although the activation temperature was 100°C lower
than that of CO,.

Coke showed a somewhat lower surface area than fiber even
under the same activation procedures because of the effect of auto-
catalytic reaction that affects the development of porosity. A-20
and W10-W possess a significantly high surface area of 2312 and
1060 m?/g, respectively. The average pore widths of all samples are
within the upper limit of micropores to the lower limit of meso-
pores varying from 1.9 to 2.5 nm [29].

In depth analysis of pore size distribution is given in Fig. 5.
The curves were constructed based on the report by Horvath and
Kawazoe [30], which is also known as H-K method. Different from
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Table 1

Textural characteristics of activated carbons derived from PAN fiber and commercial ACFs.

Carbon Yield (%) Pore characteristics
Sper (m?/g) Smi (m?/g) Viotal (ML/g) Vimi (mL/g) Rme (%) Davg (nm)

PS80 18.0 886 781 0.444 0.349 21.3 2.00
PC90 36.6 675 612 0.348 0.278 20.2 2.06
CS80 34.0 536 490 0.260 0.224 14.1 1.94
CC90 42.4 207 194 0.106 0.087 17.4 2.04
A-20 - 2312 2115 1.25 1.06 15.2 2.17
W10-W - 1060 933 0.667 0.539 19.2 2.52

Sger: BET surface area; Spi: micropore surface area; Viqa: total pore volume; Vp,i: micropore volume; Rye: mesopore content; and Dayg (4Viora/Sser): average pore width.

Table 2
Results of elemental analysis and surface chemistry of activated carbons.

Carbon Elemental composition (wt%) Surface functional groups (mmol/g)

Carbon Hydrogen Nitrogen Oxygen? Carboxylic Lactonic Phenolic Total acidic Basic Sum
PS80 74.2 1.29 4.20 203 0 0 0.225 0.225 1.16 1.39
PC90 79.3 0.99 11.9 7.81 0 0 0475 0.475 1.21 1.69
CS80 81.1 0.62 111 7.18 0 0 0.185 0.185 1.04 1.23
CC90 82.0 0.70 11.7 5.60 0 0 0.190 0.190 0.624 0.814
A-20 94.6 0.02 0.44 4.94 0 0 0.375 0.375 0.321 0.696
W10-W 90.1 0.04 0.50 9.36 0. 0.08 0.315 0.485 0.019 0.504

4 Calculated by difference.

other derived activated carbons, PS80 shows a multimodal distri-
bution, concentrated at the supermicropore (0.45 and 0.55 nm) and
micropore (0.75-0.95 nm) regions. A similar bimodal distribution
isrevealed by PC90, CC90 and CS80, where the pores centered at the
supermicropore region. A sharp distribution at 0.75 nm is displayed
by A-20, while W10-W exhibits a broad multimodal distribution
with the highest peak at 0.85nm. The values of micropore vol-
ume predicted from the y-intercept of cumulative pore volume in
Fig. 5 are almost identical with those estimated by t-plot method
in Table 1.

Results of Boehm titration and elemental analysis are tabulated
in Table 2. It is obvious that A-20 and W10-W contain a higher
composition of carbon but a lower proportion of nitrogen as com-
pared to activated carbons derived from PAN fiber. A relatively
high proportion of hydrogen in PS80 could be attributed to a par-
tially completed graphitic structure. About 58-84% nitrogen loss
was observed from the resultant activated carbons, and this was
found significant in PS80 probably due to two possibilities. Firstly,
steam effectively removes nitrogen molecules from the carbon sur-
face even the activation temperature was lower than that of CO,,
and secondly, the oxidized fiber produced at 280 °C may contain a
plenty of non-cyclized nitrogen that is prone to liberate at a lower
temperature. On the contrary, the formation of coke as a result
of exothermic reaction may assist the cyclization that may pre-
vent the release of nitrogen functionalities in activation [24]. The
increase of oxygen content in PS80 was due to the reaction of water
molecules in steam with carbon atom at the edges of basal plane
[15]. Oxygen complexes are predicted to be basic in nature and

Table 3

may comprise of carbonyl groups including ketones and pyrones
[31,32].

From Table 2, it is evident that PAN derived activated carbons
were mainly basic due to the absence of principal surface acidic
functional groups, namely carboxylic and lactonic groups. The pres-
ence of phenolic groups, however, signifies the interaction between
the reactive carbon surface and moisture in air after activation. The
basicity of activated carbon, in general, is attributed to delocalized
m-electrons and electron-donating groups that can behave as Lewis
bases. A considerable amount of carboxylic and lactonic groups in
W10-W, enable it to be distinguished from PAN derived activated
carbons in adsorption and desorption studies.

Tables 3 and 4 compile the properties of steam-activated PAN
fibers that formerly underwent the oxidation treatment at differ-
ent temperatures. It is worth pointing out that steam activation
for the treated fibers was progressed at 800 °C for 15 min. Thirty
minutes of activation seems inappropriate because the treated oxi-
dized fibers were easily degraded at a higher temperature. This
can be seen in Table 3, where the oxidation treatment results in
the increasing burn-off and mesopore content especially when the
temperature rises to 400 and 450°C. The variation of surface area
amongst the steam-activated PAN fibers was 10-15%, which is in
agreement with that shown in Fig. 3. With a slight deviation in sur-
face area, the influence of oxidation treatment on the removal of
metal ions can be easily carried out.

From Table 4, the decrease of H/C ratio of raw PAN fiber in
oxidation treatment could be attributed to the dehydrogenation
of PAN linear structures to form heterocyclic aromatic structures.

Yield and textural characteristics of steam-activated PAN fibers formerly treated at different oxidation temperatures.

Carbon Yield P (%) Yield A (%) W, [Wp Pore characteristics

SBET (mz/g) Smi (mz/g) Vrotal (mL/g) Vmi (mL/g) Rme (%) Davg (nm)
P30S 833 29.8 0.358 676 606 0.345 0.276 20.1 2.04
P35S 79.5 26.9 0.338 681 614 0.351 0.277 21.0 2.06
P40S 60.0 13.8 0.230 795 700 0.407 0.314 229 2.05
P45S 53.5 9.37 0.175 711 604 0.394 0.270 315 224

Yield P: post-oxidation yield; Yield A: activation yield; and W,/W,: product ratio of activation and post-oxidation.
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Table 4
Elemental compositions of PAN fiber, treated oxidized fibers and steam-activated PAN fibers.
Sample Elemental composition (wt%) Atomic ratio
Carbon Hydrogen Nitrogen Oxygen? H/C N/C o/C
PAN 69.9 4.73 254 0 0.068 0.364 0
P30 57.6 2.43 20.0 20.0 0.042 0.346 0.347
P35 57.2 1.86 20.8 20.1 0.032 0.364 0.351
P40 55.6 1.61 22.8 20.0 0.029 0.410 0.359
P45 53.9 143 26.6 18.2 0.027 0.493 0.337
P30S 70.6 1.36 7.46 20.6 0.019 0.106 0.292
P35S 73.2 0.91 8.22 17.7 0.012 0.112 0.242
P40S 69.1 1.49 6.78 22.6 0.022 0.098 0.327
P45S 67.2 1.31 15.2 16.4 0.020 0.226 0.243

3 Calculated by difference, H/C: hydrogen to carbon; N/C: nitrogen to carbon; and O/C: oxygen to carbon.

Dehydrogenation is expected to continue in steam activation due
to the graphitization process. Oxygen complexes were integrated
with PAN fiber to form a stable structure during oxidation treat-
ment, thus increased the O/C ratio. However, a part of these oxygen
functionalities probably diminished in steam activation [15] or may
evolve again once the reactive surface is exposed to air.

Obviously, P45S gives the highest value of nitrogen content. It is
suggested that the degree of cyclization and conjugation can pre-
vent the further elimination of nitrogen during activation. Similarly,
the remaining nitrile or amine functional groups in the non-
cyclized structures can be easily released at 800 °C, thus decreasing
the N/C ratio. Notwithstanding that the elimination of some nitro-
gen moieties during graphitization process is inevitable because of
the crosslinking and polycondensation reactions among the stable
structures of PAN. Song et al. [22] described the nitrogen function-
alities of PAN based activated carbon fiber as pyridinic, pyrrolic,
quaternary nitrogen and nitrogen oxide.

The above explanations can be visualized in Fig. 6. To give a
clear picture, this schematic only focused on the possible changes
of nitrile of PAN linear structure, where the other potential func-
tionalities including carbonyl and phenolic groups were purposely
excluded. It is estimated that the loopholes of missing delocalized
Tr-electrons were produced in the activation of oxidized fibers ini-
tially treated at 300-350°C. This definitely results in the imperfect
formation of graphitic structure. Conversely, a near-ideal graphi-
tization can be anticipated in the activation of polymer ladder
structures of oxidized fibers previously treated at 400-450°C.

3.3. Adsorption and desorption studies

Fig. 7 shows the adsorption and desorption profiles of (A)
20 ppm Cu(II) and (B) 40 ppm Pb(II) by steam-activated PAN fibers
(PS-series). The growing trend of adsorption and desorption is
related to the increase of surface area as the activation tempera-
ture increases. PS80 shows the highest uptake capacity of Cu(Il)
and Pb(II) of 0.19 and 0.22 mmol/g, respectively. PS60, having the
surface area of 4.86 m2/g (Fig. 2), exhibits the lowest removal capac-
ity of Cu(Il) and Pb(II) of 0.0132 and 0.0080 mmol/g, respectively.
PS60 displayed a higher recovery of 88% for Cu(Il) and 90% for Pb(II)
in comparison with other PS-series activated carbon fibers. About
not more than 30% of these metal ions was able to be recovered in
desorption by PS80, which infers a strong interaction between the
adsorbates and the surface of activated carbon as the surface area
increases. In Cu(II) and Pb(II) adsorption, the amount of protons
adsorbed increased with increasing surface area, thus increased the
solution pH from its initial value. A greater values of desorption pH
than that of adsorption in Fig. 7B implies a relatively weaker affinity
of PS-series activated carbon fibers towards Pb(II), as protons still
adsorbed on their surface in desorption. Moreover, Pb(II) solution
bearing PS80 became cloudy in adsorption because of excessive
removal of protons. The increase of alkalinity in solution gives a
suitable environment for the formation of precipitate complex of
Pb(OH), at pH 6.6 [33].

Fig. 8 illustrates the adsorption and desorption performances
by different activated carbons derived from PAN fiber under the
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same initial concentrations of metal ions. Two commercial ACFs,
namely A-20 and W10-W were employed for comparison. In gen-
eral, PAN-ACFs (PS80 and PC90) show a superior performance than
other activated carbons for Cu(Il) and Pb(II) removal.

Alower removal capacity by CS80 and CC90 was associated with
a smaller BET surface area than PAN-ACFs. Clearly, PS80 showed a
greater capacity than PC90, while CS80 gave a better removal than
CC90. For both precursors (fiber and coke), steam was found bet-
ter than CO, for generating a higher surface area to accommodate
Cu(II) and Pb(II) ions. A-20 and W-10W, however, showed a poor
performance in comparison with activated carbons derived from
PAN fiber. Although possessing a 2.6 times bigger surface area than
PS80, the performance of A-20 was undoubtedly inferior. A-20 dis-
plays only 0.0463 and 0.0641 mmol/g for Cu(Il) and Pb(II) uptake,
respectively, which are 3-4 times lower than that of PS80. Rela-
tively abundant acidic functionalities in W10-W also provide a little
contribution on the removal of metal ions as opposed to activated
carbons derived from PAN fiber. W10-W shows a lower removal
capacity of Cu(Il) and Pb(II) as compared to A-20 because of a lower
surface area but exhibits a slightly strong interaction to Cu(Il) and
Pb(II) due to its rich surface acidic functional groups. Yet, a smaller
ratio of adsorption to desorption by commercial ACFs in compari-
son with that of activated carbons derived from PAN fiber signifies
a weaker interaction between the adsorbates and the active sites in
the absence of nitrogen-rich surface. Therefore, surface area and/or
surface acidic functionalities are not the sole factors that may influ-
ence the removal of metal ions and its affinity onto the carbon
surface. Obviously, the nitrogen-rich content of activated carbons
derived from PAN fiber plays a significant role in enhancing the
uptake of Cu(Il) and Pb(II) ions. It is expected that the removal
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of these metal ions onto the nitrogen-rich surface was through a
coordination mechanism [6,7,34].

In Fig. 8A, PC90 reveals a 3 times bigger ratio of adsorption to
desorption than PS80. This is thought to be caused by a higher com-
position of nitrogen left upon activation in PC90 (Table 2), which
provides a strong coordination to Cu(Il) ions. From Fig. 8B, Pb(II)
precipitation was also occurred by PC90 but the cloudiness of the
solution was less intense than that of PS80. In a non-adjusted solu-
tion pH, the removal of Pb(Il) by PAN-ACFs could be described
as a hybrid of adsorption and precipitation. It is noteworthy that
the presence of stable precipitate complex decreases the con-
centration of metal aqua ions, thus partly nullify the amounts
of adsorption and desorption. To validate this phenomenon, an
acidic solution of pH 3.7 was used in the adsorption and des-
orption of PAN-ACFs (the results are differentiated by the last
alphabet H; PS80H and PC90H). In this case, the solutions remained
clear from sediments during adsorption and desorption. Clearly
PS80H showed a greater capacity than PC90H, where the equi-
librium pH was identical at 5.7. Similar to that of Cu(ll) removal,
the ratio of adsorption to desorption by PCO90H was slightly higher
than that of PS80H, even though the solution for desorption was
acidic.

Effect of oxidation treatment prior to steam activation on the
removal of Cu(Il) and Pb(II) is demonstrated in Fig. 9. The removal
capacity was found to increase with increasing oxidation tempera-
ture, which reflects the rising degree of cyclization and conjugation
to form polymer ladder structures. This is associated with the
increase of N/C ratio throughout the oxidation treatment. It is evi-
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dent that the nitrogen content gives a more influence on the uptake
of Cu(ll) and Pb(II) over the role of surface area. For instance,
in Fig. 9A, P45S (Sger: 711 m?/g; N/C: 0.226) exhibits the high-
est removal capacity of Cu(Il) of 0.32 mmol/g, which is about 68%
greater than that of PS80 (Sger: 886 m?/g; N/C: 0.057). This is also
true for Pb(II) adsorption where P45S displayed a removal of about
27% higher than PS80H (Fig. 9B).

From Fig. 94, it is noted that the higher the N/C ratio, the greater
the ratio of adsorption to desorption. P45S showed a higher value of
adsorption to desorption of 5.8, 1.5 times higher than that of P30S.
This infers that nitrogen moieties not only serve as the active sites
but also offer a strong interaction with the adsorbed species, par-
ticularly to Cu(Il) ions [7,35]. Despite increasing the metal uptake,
the increase of N/C ratio also increased the capture of protons.
This effect becomes prevalent where Pb(II) solution bearing P45S
was precipitated in adsorption although the initial solution pH was
already altered to 3.7.

Apart from nitrogen content, phenolic groups and delocalized -
electrons may also involve in the removal of metal species [4]. It can
be estimated that the decrease of electron density due to loopholes
on the graphitic structure (as visualized in Fig. 6) decreases the Cr-
cation interactions. On the other hand, the presence of considerable
amount of nitrogen by a proper oxidation treatment may increase
the density of m-system through its electron-donating character-
istic, thus increases the removal of metal ions through Cir-cation
interaction. It is clear that, without sufficient nitrogen content, A-
20 revealed a trivial adsorption of metal species although exhibits
a considerable amount of phenolic group, basic in nature and
possesses the highest surface area among the activated carbons
studied.

4. Conclusions

The present work demonstrated the feasibility of activated
carbons derived from PAN fiber to remove heavy metals from aque-
ous solution. Two precursors, i.e., fiber and coke, were prepared
by oxidation in air under long and short temperature settings,
respectively. Activated carbons were derived from these precursors
through gasification in steam and CO,. Activated carbons derived
from PAN fiber are highly microporous with pores centered at the
supermicropore region. Steam was found better than CO, to gen-
erate a higher surface area, but results in a lower yield. PAN-ACFs
showed a better performance of Cu(Il) and Pb(II) removal in com-
parison with commercial ACFs. High amount of nitrogen content
plays a significant role over the effect of surface area and surface
acidic functional groups in enhancing the adsorption of Cu(Il) and
Pb(II)ions. Oxidation treatment prior to steam activation was bene-
ficial to minimize the nitrogen loss. Because the lesser the nitrogen
loss upon activation, the greater the removal of metal ions, and the
stronger the interaction to the active surface. Cu(Il) ions showed
a relatively stronger coordination onto the nitrogen-rich surface.
PAN-ACF is foreseen to be the candidate of adsorbent in heavy
metals remediation from aqueous solution.
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