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Abstract
Rayon precursors marinated by mixture aqueous solution containing NaCl and H3PO4 are activated by steam for manufacture of
activated carbon ﬁbers (ACF) in this work. It is interesting to ﬁnd that mesopores (2 nm < pore size < 50 nm) and even macropores (pore
size > 50 nm) are greatly developed on ACF surface, which indicates that NaCl + H3PO4 aqueous solution is an eﬀectual pore sizeenlarging impregnant. The inﬂuences of the concentrations of NaCl and H3PO4 on the pore distribution and morphology of the resulting
ACFs are respectively examined by scanning electron microscopy (SEM), revealing that the pore structure can be controlled through an
appropriate ratio of NaCl and H3PO4 impregnation. As it has been demonstrated that the adsorptivity of the ACF is related to the fractal characteristics of the pore structure, the fractal structure of the meso/macropores in the ACF is analyzed by the small angle X-ray
scattering (SAXS) method, providing the characteristics of volume, size distribution and fractal dimension (D) of the pores, Finally BET
analysis has conﬁrmed that ACFs with abundant mesopores/macropores indeed exhibit highly eﬀective adsorption capacity.
 2007 Elsevier Inc. All rights reserved.
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1. Introduction
Activated carbon ﬁber is a highly eﬀective adsorption
material developed in 1960s, and can be incorporated into
various structures such as ﬁll-form, felt-form and fabricform for various applications [1]. The highly adsorptive
eﬃcacy of ACF is mainly attributed to its porous structure,
including the pore shape, the pore sizes and their distributions [2,3]. According to the aperture classiﬁcation standard by IUPAC, the pores can be classiﬁed into such
three categories as: micropore (pore size < 2 nm), mesopore
(2 nm < pore size < 50 nm) and macropore (pore size >
50 nm) [3]. In general, everything else being equal, microp*
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ores provide larger speciﬁc surface area, necessary for
excellent adsorptive function. However, it has been found
that adsorption occurs only when the average pore diameter is above 1.7 times of the adsorbate’s dimension [3,4].
Presence of mesopores or macropores in ACF can thus
improve the adsorption eﬀectivity for larger molecules or
macromolecules such as protein and virus. With increasing
such applications, ACFs with meso/macropores have
attracted much more attention in recent decades [5,6].
Recent studies showed besides the pore size, the pore
morphology itself has a remarkable eﬀect on the adsorption
properties as well [3,4]. Although some techniques have
been employed in exploring the pore morphology, most of
these investigations can only be regarded as observational.
For example, SEM or TEM can only characterize the apparent attributes such as pore aperture and pore shape rather
than the parameters with intrinsic relevancy [7]. Pfeifer
and Avnir introduced fractal theory to quantitatively
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describe the structural irregularity of porous materials [8]
and it has since been demonstrated that for porous materials
possessing a rather irregular surface, such characteristics
can be better deﬁned using the concept of fractal dimension
(D): generally, the value of D is between 2 and 3, and the closer the D value to 3, the rougher a pore shape [8,9].
A variety of methods have been applied to determine the
fractal dimension of porous materials in recent years,
including for instance, the slit-island method, the boxcounting method, image analysis method, mercury
porosimetry, adsorption method, and small angle X-ray
scattering (SAXS) method [8–12]. It has also been concluded that among all the techniques available SAXS
method is a more eﬃcient tool for probing the objects in
nanoscales [11]. By SAXS technique, we can not only
obtain the average pore size and sizes distribution, but
calculate the fractal dimension of the pores as well.
In this work, we have attempted to produce meso/macropores on the surface of rayon precursor based ACF
(RACF) by steam activation. To improve the eﬃciency,
we added sodium chloride into the impregnant solution
in addition to the phosphoric acid normally used in microporous ACF manufacture. SAXS is then applied to characterize the fractal structure of pores on the resulting RACF.
In addition, the eﬀect of the impregnant concentrations of
both sodium chloride and phosphoric acid, and their coupling eﬀect on the pore structure are also discussed.
2. Experimental
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Fig. 1. The ﬂow chart of the RACF processing.

the pre-treated ﬁbers were carbonized in a carbonizing
and activating furnace in air from room temperature escalating to 300 C at a rate of 5 C/min. Finally, the heattreated ﬁbers were activated by H2O steam beginning at
300 C and gradually increasing to 800 C at a rate of
5 C/min. N2 was then infused to the furnace to prevent
oxidization reaction during the activation process. Fig. 1
sketches the manufacture process.
2.2. RACF characterization
2.2.1. Surface area tested by BET method
BET surface area of ACF was determined based on the
adsorption isotherms of nitrogen gas measured at 77 K
using a JB-II apparatus at our laboratory.
2.2.2. Surface texture and pore structure by SEM
observation
Scanning electron microscope (JSM-5600LV, Hitachi
Ltd., Japan, resolution <3.5 nm) was used to investigate
the surface morphology and pore proﬁles in the RACFs.

2.1. Preparation
The rayon ﬁber used as precursor was supplied by
Shanghai No. 12 chemical ﬁber factory. The precursor ﬁber
was a cotton-pulp regenerated cellulose continuous ﬁlament with a degree of polymerization of 200 and average
diameter of 15 lm. All the chemical reagents used in the
experiment were of analytical purity.
The rayon precursors were ﬁrst immersed in a solution
of sodium chloride and phosphoric acid at various concentrations as listed in Table 1. Two groups of impregnated
rayon ﬁbers were taken out after reaching equilibrium,
and were dried in oven at temperature 60 C. Afterwards,
Table 1
Experiments for various NaCl and H3PO4 concentrations
Sample no.a
J-a
J-b
J-c
J-d
L-a
L-b
L-c
L-d
a

H3PO4 adding amount (ml/l)

2.2.3. Pore structure investigation by SAXS
SAXS (Japan Rigaku D/max rB) was applied to determine the average pore aperture and distributions. The
measurement conditions were: Cu target, voltage of
40 kV, current of 100 mA, scanning ﬁeld within 0.02–2,
step of 0.02, and counting time of 10 s.
Fig. 2 is a simple diagram of such a typical SAXS apparatus, where O is the X-ray source; t1, t2 and t3 are the collimation slots; S is the sample under examination; T is a counter
to record the scattering intensity (I) of the incoming X-ray.
In general, (I) is a function of the scattering angle (2h).
The small angle scattering eﬀect comes from the undulation of the electron density inside the material within the
boundary <200 nm. When a very thin X-ray light beam goes
through a layer made of extra-ﬁne particles, the X-ray is

NaCl concentration (mol/l)

10
0.01
10
0.125
10
0.25
10
0.5
5
0.125
10
0.125
15
0.125
20
0.125
All samples were divided into two groups:
Group J: Varying the concentrations of NaCl while fixing H3PO4 level.
Group L: Varying the concentrations of H3PO4 while fixing NaCl level.

Fig. 2. A simple diagram of a SAXS apparatus.
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then scattered by the crystallites inside the particles. The
X-ray diﬀracts within a very small angle around the original
incoming light beam, and the scattering intensity is related
to the particle size distribution of the material. To a global
sparse particle system, considering the slot eﬀect, the scattering intensity of the incident X-ray, I(k), can be written as:
Z rmax
IðkÞ ¼
Dn ðrÞm2 ðrÞUðkrÞdr
ð1Þ
rmin

where k = 4ph/k; r is the particle radius; Dn(r) is the particle size distribution function; m(r) is the volume of particle,
for sphere particle, mðrÞ ¼ 4p
r3 ; U(kr) is the
3
 function of single particle scattering, UðkrÞ ¼ exp  kr3 ; k is the wavelength of the incident X-ray.
Then the particle average radius ðrÞ and the size distribution function Dn(r) can be calculated from the scattering
data [13,14]:
Z rmax
r ¼
Dn ðrÞdr
ð2Þ
rmin

and
Dn ðrÞ ¼

N
X

ci ui ðrÞ

ð3Þ

i¼1

where ci is the amplitude of the step functions; ui(r) is an
equidistant step functions.
The SAXS apparatus employed in our work derived the
data of pore sizes and their distributions for the NaCl and
H3PO4 sample groups as presented in Figs. 4 and 8,
respectively.
Furthermore Bale and Schmidt [15] developed the following formula to calculate the pore fractal dimension D
using the obtained SAXS results:
IðkÞ ¼

pN 0 DqI e Cð5  DÞ sin½pðD  1Þ=2
k 6D

ð4Þ

where D is the pore fractal dimension; Ie is the scattering
intensity of a single electron; Dq is the electron density variance; C(5  D) is the the C function; N0 is a constant.
Taking Logarithm on both sides of Eq. (4), we get:
Lg½IðkÞ ¼ ð6  DÞLgðkÞ þ B

ð5Þ

Since the value of I(k) can be measured by SAXS, the
pore fractal dimension D can be readily calculated according to Eq. (5).
3. Results and discussion
3.1. Inﬂuences at diﬀerent concentrations of sodium chloride
3.1.1. Pore sizes and distributions
It has been widely accepted that the conventional ACF,
manufactured from phosphoric acid – impregnated rayon
precursor (without NaCl) by steam activation, possesses
only micropores rather than mesopores or macropores
[1,5,6,16–18]. So NaCl was introduced into the impregnant

solution to help enlarge the pore size during the activation,
and the eﬀect was veriﬁed in our previous works [19]. The
mechanism of such pore size enlargement will be probed in
a future paper. In this study the pore size and its fractal
structure formed at various concentrations of NaCl and
H3PO4 are discussed in detail.
By using both NaCl and H3PO4, large numbers of meso/
macropores are created on the surface of RACFs as shown
in Fig. 3. Those pores, randomly distributed on the ﬁber
surface, are basically in round shape. The pore sizes and
their distribution are delineated in Figs. 4 and 5 at diﬀerent
concentrations of sodium chloride.
In Figs. 3 and 4, the concentration of sodium chloride
increases from J-a (0.01 mol/l) to J-d (0.5 mol/l). For Sample J-a ACF, the pore sizes range mainly over 2–40 nm and
averaged in 37 nm as seen in Figs. 4a and 5a, respectively.
While in the case of J-d, the macropores with size around
200 nm hold a considerable proportion, namely 7% according to SAXS. Noting that the SAXS can only detect the
pores range from a few nm up to about 200 nm [20,21],
we hence applied the SEM to examine bigger pores and
their distribution on the ACF surface as shown in
Fig. 3d for J-d. There are countable macropores with aperture larger than 200 nm, and some even bigger pores of
400–800 nm. As SEM can only observe the pores present
on the ﬁber surface, so what obtained is the lower boundary of the bigger pores in the ﬁbers. This at least demonstrates that by increasing the concentration of NaCl, the
pore size has been enlarged, and also SEM can complement
the SAXS technique in analyzing pore structures.
Nevertheless, from the information illustrated in Figs.
3–5, it is safe to conclude that the pore aperture grows with
the increase of NaCl concentration from 0.01 mol/l to
0.5 mol/l, conﬁrming that NaCl plays a highly eﬀective role
in pore enlargement. Furthermore, one can ﬁnd some
spherical granules deposited on the ﬁbers (Fig. 3d) – the
residuals likely providing some information on reactions
occurred during the pore widening process. However, it
must be noticed that the precondition for NaCl role is
the presence of H3PO4 already in the impregnation solution, and the role of H3PO4 will be discussed in a later
section.
3.1.2. The fractal structure of the pores
The SAXS curves in Fig. 6 characterize the total scattering intensity or the total pore volume of the samples. The
lowest curve for Sample J-a reveals that J-a has the smallest
value of porosity among the four samples. The total pore
volume increases monotonically with the increase of NaCl
concentration as conﬁrmed by these SAXS curves from J-a
to J-d. From the SAXS curves and according to Eq. (5), the
fractal dimension D for each sample can be calculated as
shown in Fig. 5b.
Sample J-a is apparently a mesoporous material as seen
from Fig. 3a and has a lowest fractal dimension, D = 2.5.
As the NaCl concentration rises to 0.125 mol/l, the resultant RACF, J-b, tends to develop a multi-pore structure
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Fig. 3. Surfaces of RACF pre-treated under diﬀerent NaCl concentrations: (a) SEM image of Sample J-a; (b) SEM image of Sample J-b; (c) SEM image of
Sample J-c; (d) SEM image of Sample J-d.

a

b

c

d

Fig. 4. Aperture distributions of the four RACF samples: (a) Aperture distribution of Sample J-a; (b) Aperture distribution of Sample J-b; (c) Aperture
distribution of Sample J-c; (d) Aperture distribution of Sample J-d.
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a

b

c

Fig. 5. Inﬂuences of NaCl concentration: (a) Average aperture vs. NaCl concentration; (b) Pore fractal dimension vs. NaCl concentration; (c) Speciﬁc area
vs. NaCl concentration.

and its fractal dimension rapidly increases to the value of
D = 2.7. However, the D value begins to drop down when
NaCl concentration further climbs to 0.25 mol/l, and this
decline of D value continues when NaCl is at 0.5 mol/l.
Other researchers also reported such reversal in pore fractal dimension of activated carbon surface with prolonged
activation process [22,23], owing likely to the smoothening
of the pore circumferences. In fact, as the pore sizes of
RACF are at the range of meso/macropores, the aperture
size grows larger with the increase of the NaCl concentration; while the pore’s rim turning smoother, leading to such
decrease in their fractal dimension D values. In comparison
with the SEM observations in Fig. 3, the SAXS results in
Fig. 6 shed more light on the change of the roughness of
the pore shape.
On the other hand, the speciﬁc surface area of a porous
object is mainly determined by the presence of micropores
[1,16,24]. As a result, J-a has the largest speciﬁc surface
area, which becomes lower in J-b owing to the development
of the meso/macropores (shown in Fig. 5c). As the decrease
in both the proportion of micropores, and the pore fractal
dimension, continues, the speciﬁc surface areas of Samples
J-c and J-d keep drop down. These observations lead to the

Fig. 6. SAXS curves of RACF at diﬀerent NaCl concentrations.
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conclusion that while addition of suﬃcient NaCl indeed
enlarges the pore sizes, it will also reduce the speciﬁc surface area and the pore wall roughness.
3.2. Inﬂuences of adding phosphoric acid (H3PO4) and its
concentrations
3.2.1. The case without H3PO4
The role phosphoric acid plays in the activation process
has been investigated by many researchers [4,18,19,25,26].
Phosphoric acid functions both as an acid catalyst to promote bond cleavage reactions and formation of crosslinks,
and to combine with organic species to form phosphate
and polyphosphate bridges that connect and crosslink
polymer fragments. Activation by phosphoric acid in steam
presents many advantages including high carbon content in
the resulting RCAF, and well-balanced meso/micropores
volumes. In our previous work, SEM observations had
shown that the pore sizes became larger when the phosphoric acid impregnation ratio increased from 5 ml/l to 20 ml/
l, and the ratio of phosphoric acid impregnation strongly
inﬂuenced the surface morphology and the porous texture
of the ﬁnal ACF [19]. Adding H3PO4 in the reaction has
accelerated the dehydration of the cellulose under 300 C
so as to promote inﬂame retarding and crosslinking, thus
reducing the weight loss and enhancing the carbon yield
percentage in the ﬁber.
Fig. 7a shows the RACF pre-treated only with NaCl
without any H3PO4. We can easily see that the ﬁbers were
stuck together by some substance, which cannot be deter-

Fig. 7. Surface morphology of RACF pre-treated without H3PO4: (a)
(300·); (b) (5000·).
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mined by SEM only. But we ﬁnd that such agglomeration
makes ﬁber brittle and weak. A higher magniﬁcation in
Fig. 7b shows some blocks of broken ﬁbers. Some researchers reported that there was no detectable pore surface area
for samples without H3PO4 treatment [18]. Caused by lacking the action of acid but by the physical activation with
water vapor in our work, the BET measured pore surface
area of the ﬁnal RACF is only 230 m2/g, indicating far
fewer micropores were generated than in other NaCl-group
RACFs treated with H3PO4. More importantly, there were
no meso/macropores detected on the RACF with NaCl
only.
Furthermore, we found that the ﬁnal RACF yield
decreases sharply in this case, down to 9%, whereas those
with H3PO4 + NaCl can reach 15–25%. This proves that
H3PO4 promotes a higher yield as well. Therefore, the addition of certain amount of H3PO4 is necessary for satisfactory results. Many researchers believe H3PO4 reacts with
cellulose to form phosphate and polyphosphate bridges
and the removal of acid will leave the cellulose matrix in
an expended state with an accessible pore structure
[16,25–27].
In summary, by using H3PO4 alone can mainly produce micropores and whereas using NaCl alone generates
no pores at all. A satisfactory RACF product is only possible under the joint action of NaCl and H3PO4. We will
further explore the size-enlarging mechanisms and the
joint interactions between the two chemicals in our future
paper.
3.2.2. The pore structure
At 5 mol/l H3PO4, the pore size in Sample L-a is mainly
at the range of 39–65 nm and the largest size is about
120 nm as shown in Fig. 8a, whereas the micropore (pore
size < 2 nm) proportion is 6.4%. As the H3PO4 concentration increases, we can readily conclude from Fig. 8b–d that
the meso/macropore sizes have been enlarged and so has
the proportion of the micropores, i.e., for Sample L-d in
Fig. 8d based on SAXS calculation, the large pore sizes
can reach 150 nm while the micropore proportion is
8.1%. As a result, the average aperture size grows synchronously with the H3PO4 concentration as seen in Fig. 9a.
The increase of the pore sizes can also be observed by
SEM investigation on the surface of ACFs, which is basically in agreement with our previous work [19].
The inﬂuence of H3PO4 on the fractal pore structure is
further investigated by SEM and SAXS as seen in Figs.
10 and 11. Once H3PO4 is introduced into the NaCl
impregnation solution, the meso/macropores are formed
all over the surface of the resulting ACFs. Moreover, the
average pore aperture also increased. But this change of
size is not as remarkable as in the cases when NaCl concentration was augmented. Some evidences provided by FTIR
[19] and SEM/EDS (will be discussed in a future paper)
have revealed that there are chemical reactions between
NaCl and H3PO4 occurred during the activation, and these
reactions must have inﬂuenced the pore widening. If this is
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Fig. 8. Aperture distributions of the four RACF samples: (a) Aperture distribution of Sample L-a; (b) Aperture distribution of Sample L-b; (c) Aperture
distribution of Sample L-c; (d) Aperture distribution of Sample L-d.

true, as H3PO4 concentration at 10 ml/l is already more
than enough to react with 0.125 mol/l NaCl, further
increase of H3PO4 from 10 ml/l to 20 ml/l would have little
inﬂuence on the reactions, thus no longer have major
impact on the pore size enlargement. However, there are
some evidences to show that H3PO4 at this high concentration still aﬀects the fractal structure of the pores, especially
the surface pores, and the speciﬁc surface area, as discussed
below.
Fig. 11 shows the SAXS curves of resulting RACFs
manufactured under various H3PO4 concentrations. It is
shown that a higher H3PO4 concentration leads to a RACF
with greater scattering intensity, indicating an increased
total pore volume. Additionally, as can be seen from
Fig. 9b that the fractal dimension (D) increases along with
the H3PO4 ratio, i.e., the pore shape becomes increasingly
rougher. Some researches indicated that once the aperture
size is beyond certain level, the higher the fractal dimension
of the RACF, the higher the proportion of the micropores
[11,28]. Thus it can be proposed that the proportion of the
micropores increases at the same time while the meso/macropore sizes grow, even though these micropores are too
small to be observed by SEM. It is hence understood that

H3PO4 also promotes the development of micropores. This
is further indicated in Fig. 9b and c that both the fractal
dimension D and the speciﬁc surface area increase with
the concentrations of H3PO4; this is totally diﬀerent from
the NaCl eﬀect.
It is logical to expect that the adsorption capacity of
RACF can be enhanced as the pore size is widening, and
thus the control of pore sizes and their distributions
become an important tool to optimize the performance of
RACF. In our succeeding work, we will adjust the ratios
of NaCl and H3PO4 to manufacture meso/macroporous
ACF with controlled pore sizes to meet various adsorption
requirements.
4. Conclusions
SAXS has proved to be an eﬀective method to investigate the pore fractal structure in RACF by providing the
total pore volume and the fractal dimension D with the
SAXS curves. The values of D of RACF manufactured
under various impregnations range between 2 and 3, and
the higher the fractal dimension, the rougher the pore
surface.
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Fig. 9. Inﬂuences of H3PO4 concentration: (a) Average aperture vs. H3PO4 concentration; (b) Pore fractal dimension vs. H3PO4 concentration; (c) Speciﬁc
area vs. H3PO4 concentration.

Fig. 10. Surfaces of RACF pre-treated with H3PO4 at diﬀerent concentration: (a) SEM image of Sample L-a; (b) SEM image of Sample L-b; (c) SEM
image of Sample L-c; (d) SEM image of Sample L-d.
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