Small-angle X-ray scattering experiments and computer simulations to
characterise anisotropy of activated carbons prepared from wood
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Abstract

Small-angle scattering was measured from activated carbon monoliths prepared from three different wood
species (European beech, Pedunculate oak and Norwegian spruce). Substantial differences were found in the
scattering images of axial and tangential slices, attributed to their characteristic phytogenic structures. The
decrease in anisotropy in the nanostructured carbon matrix due to the activation process is also different
among the three investigated types of wood. For quantitative characterization of the anisotropy and its
decrease, the degree of alignment was calculated from the azimuthal scattering curves. A simple numeric
model was constructed on the basis of direct information obtained by atomic force microscopy. Scattering
patterns calculated from the model were compared with the experimental ones to explain the possible

structural changes in the carbon skeleton.

1. Introduction

The functionality and area of application of ac-
tivated carbons (AC) is based on the properties of
their complex pore structure, which is determined
by the preparation process and the choice of precur-
sors. It is of great importance to have the means to
study—and possibly gain control over—the various
parameters of the system. The sizes of the pores in
activated carbons and sizes of cellulose nanocrys-
tallites in plain wood are in the nanometer range,
which can conveniently be studied using small-angle
X-ray scattering (SAXS). Scattering experiments
give statistically averaged information which can be
further compared with theoretical results from sim-
ulations.

Because of its ubiquity and hierarchical micro-
and nanostructure, one of the most commonly used
precursors for activated carbon is wood. Activated
carbons from wood are generally produced by the
so-called “physical” activation process, consisting
of two steps: carbonization (pyrolysis) and activa-
tion (by steam). During carbonization, the skele-
ton of carbonaceous material is formed with many
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structural and textural features resembling the orig-
inal fibrous structure of the wood material. Several
studies report details on the pyrolysis process [1].
Although only few of these are concerned with the
structural relations of raw and carbonized wood,
they agree that distinct features of the product can
be attributed to the fibrous structure of the precur-
sor [2-5].

As a biomaterial, wood has to fulfil dual roles
of static stabilization and transport of nutrients.
Meeting both of these requirements is made pos-
sible by the layered structure and arrangement of
wood fibres. The structure of wood on the super-
and sub-cellular length-scales has been extensively
studied [e.g. 6, 7]. The wood tissue is composed
mostly of elongated cells oriented along the stem
axis, enclosing lumina. The origin of the mechan-
ical stability lies in the ultrastructure of the cell
wall [8-10]. The wood cell wall consists of cellulose
fibrils that are embedded in a hemicellulose-lignin
matrix, and wound up along the cell axis in a helical
way. With respect to the spiral angle of these he-
lices (also known as the microfibril angle, MFA),
the cell wall can be classified into several layers
[11]. The thickest one is the so-called “So”, its av-
erage MFA being 5-20°, depending on the species,
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origin, age and history of the tree. This angle is
the primary parameter determining the mechanical
strength of wood [10, 12].

The typical width of the cellulose microfibrils is
reported to be 2.5-3.5 nm, and their length lies in
the range of a few millimetres [13-15]. On the pack-
ing of the microfibrils, different results are available.
Some studies report random orientation of the cell-
wall components in the transverse plane of the So
layer [e.g. 16]. Others found the elementary cellu-
lose fibrils to aggregate into larger fibers [17, 18].
The typical thickness of these so-called macrofib-
rils depends strongly on the origin and history of
the wood specimen, but usually falls in the range
of 10-30 nm [19, 20].

The carbon matrix, which is created during car-
bonization of the fibrous wood, burns off partly in
the activation step, giving place for the complex
pore structure. The progress of this process deter-
mines the development of porosity [21]. First, small
crystallites, or single layers of graphene gasify, re-
sulting dominantly in the formation of micropores.
Further activation makes whole crystalline groups
burn off, while meso- and macropores evolve. Con-
sequently, similarities between structure and tex-
ture of pyrolized precursors and ACs originating
from anisotropic fibrils can only be observed at the
beginning of the activation process.

Even though ACs are produced from different
materials, their structures are similar: they are
two-phase systems consisting of a carbon skele-
ton, which is usually composed of turbostratically
packed graphene sheets [22], and voids, or pores,
which are created mainly during the process of acti-
vation. This pore structure is the main cause of the
good adsorption properties of activated carbons.

Small-angle X-ray scattering experiments are
generally carried out using powdered activated car-
bon samples, in analogy to powder diffraction. This
procedure does not give any information on the
anisotropy of the sample. We have already in-
vestigated anisotropy of activated carbons originat-
ing from different types of wood using small-angle
scattering and found that the anisotropy of two-
dimensional scattering patterns was characteristic
for the fibrous phytogenic structure of the wood
precursors [23, 24]. Considerable anisotropy was
observed in monolith (cube) carbon samples from
Pinus sylvestris, and the effect of this structure on
the adsorption behaviour was examined by using
SAXS [25].

In this paper we present measurements and inter-

pretation of anisotropic small-angle scattering im-
ages obtained from activated carbons of different
origin (European beech, Norwegian spruce and Pe-
dunculate oak). The changes induced by pyrolysis
and activation in the anisotropic structure of wood
fibres are discussed in detail by means of a simple
model consisting of polydisperse spherical units.

2. Materials, methods and preliminary char-
acterization

2.1. Preparation of the samples

Activated carbon samples were prepared from
three types of wood: European beech (Fagus syl-
vatica), Pedunculate oak (Quercus robur) and Nor-
wegian spruce (Picea abies). Air-dried slats from
trunks of mature trees (Sawmill of Eger Forestry
Co, Hungary), where the thickness of early and
late wood was less than a millimetre, were cut
into small, regular cubes with an edge-length of ap-
prox. 10 mm.

These wooden cubes were carbonized at 700 °C
(in amounts of 200 g) in a steel reactor flushed with
nitrogen gas (flowrate: 50 dm3/h), for 2 hours.
During this time, the length of the cube edges
shrank by approx. 4-6 mm. Only a slight change
in the shape of the monoliths was observed, in con-
trast to the literature [2]. This may be the con-
sequence of the fact, that the wood we have used
was matured for years before use and the wooden
cubes were dried at 110 °C before the pyrolysis.
No significant dimensional changes were observed
however due to activation [26]. These carbonized
specimens were activated (in amounts of 10 g) in a
rotary quartz reactor under steam flow of 18 g/h at
900 °C, diluted by nitrogen in a molar ratio of 1:1
[27]. The time of activation varied between 15 and
90 minutes, resulting in a wide range of burn-off
(conversion of carbonized material), between 10—
55 %. The loss due to mechanical abrasion could be
neglected. The change in burn-off among different
batches (same wood species and activation time)
fluctuated within 1 %, while the specific surface
(controlled by iodine-number) within 3 %, which
proves the exceptional stability and controllability
of the reactor [23].

The burn-off is shown in Fig. 1, as a function
of the time of activation. It increases in a linear
way for all types of carbonized wood as activation
advances, indicating a pseudo-zero order conversion
rate in a wide range of conversion from 0 up to 55%.
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Figure 1: Burn-off of different carbon species due to activa-
tion. Error bars are smaller than the size of the markers.

Presumably, the decrease in mass is compensated
by the increase in the area of the gas-solid interface
due to the activation process. A further feature of
the matrix is that also the porosity increases in a
linear manner, while the outer shape and geometry
of the cubes is not affected significantly.

It is worth noticing that the temperature and the
time of carbonization strongly influences the struc-
ture of the matrix and the pore system as it was
concluded by simultaneous adsorption and SAXS
measurements in case of the shell of apricot stone
(Prunus armeniaca) [28]. The high temperature of
carbonization/pyrolysis (850 or 1200°C) results in
a more compact carbon skeleton and the formation
of an uniform pore system, as it was observed in
the case of olive stone [21].

2.2. Adsorption measurements

For characterization of the adsorption capacity
(e.g. specific surface area) iodine and nitrogen ad-
sorption measurements were performed. Iodine ad-
sorption (iodine number) tells about the internal
surface of activated carbon. 1 mg of adsorbed io-
dine is considered to represent 1 m? of internal
surface (according to the standard method DIN
53241). Nitrogen adsorption/desorption isotherms
were used to determine the specific surface area.
These isotherms were measured at the boiling point
of liquid nitrogen by an AUTOSORB-1 (Quan-
tachrome, Syosset, NY, USA) computer controlled
automatic surface analyser and data processing sys-
tem. Specific surface area was calculated according
to the multi-point B.E.T. method.

The increase in the specific surface area during
activation (Fig. 2) starts linearly, but levels off at
higher values of the burn-off. The pyrolysed precur-
sors have about 200 m?/g specific surface, offered
by open pores. The higher the burn-off values are,
the more the results of the two different absorption
experiments differ.

The deviation from the linear behaviour clearly
shows that at the beginning of activation mostly
small pores are formed, resulting in a significant
increase in the specific surface. In the region of
higher conversions, larger pores are formed, as a
consequence of the gasification of larger structural
units, which can contribute to the increase of the
specific surface only to a limited extent.
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Figure 2: Na (open symbols) and Iy (closed symbols) ad-
sorption capacities of different AC specimens as a function
of burn-off. Among the samples, spruce shows the largest
difference between the results of the two methods, indicated
by the fitted lines.

2.8. Microscopy

Atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) are good means to
study the nanostructure of activated carbons [29].
AFM investigations of our samples were carried out
using a Digital Instruments NanoScope 11T Atomic
Force Microscope. To prevent damaging of the sam-
ple, tapping mode was used.

Atomic force micrographs of the plain carbonized
samples (shown in Fig. 3) show that the texture
of pyrolised wood is composed of several compact
structural units. The size, shape and distribution
(packing) of these varies from specimen to speci-
men. Beech has more or less spherical, largely poly-
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Figure 3: (Colour online) AFM images of carbonized wood
samples.

disperse components in the size range of 40-60 nm,
distributed randomly, while in spruce, these com-
ponents exhibit some anisotropy and alignment in
their shapes as well as in their distribution, extend-
ing in length from 20 to 100 nm.

The scanning electron-micrographs (SEM,
recorded with a Hitachi SEM-570 apparatus) of
lateral cross-sections of carbonized samples are
shown in Fig. 4. In these images the texture

Figure 4: Scanning electron-micrographs of cross-sections of
carbonized wood samples. White network corresponds to
the carbonized remnants of the cell walls, while black voids
are the lumina of wood cells.

of native wood can be recognised: the network
of the cell walls is clearly visible. Beech and
oak are composed of round cells of different size,
dispersed randomly in the transversal plane. In
contrast, spruce has nearly uniform, rectangular
cells [e.g. 15]. Consequently, after carbonization,
the remnants of the cell walls are expected to
exhibit similar properties.

2.4. Small-angle X-ray scattering

Small-angle X-ray scattering measurements were
performed at beamline 7T-MPW-SAXS of BESSY-
II, Berlin, Germany, and at beamline Bl of
DORIS III, HASYLAB/DESY, Hamburg, Ger-
many. On the first instrument, a monochromatized
beam of photon energy 8311 eV was used, the aper-
ture before the sample being 0.5 mm horizontally
and 0.4 mm vertically. Scattering patterns were
recorded with a multiwire proportional chamber de-
tector. The image was divided in 1024 x 1024 pixels,
the pixel size being 0.207 mm in both directions.
Two sample-to-detector distances were used, 3745
and 1376 mm. In Hamburg scattering images were
recorded with a Pilatus 1M (DECTRIS AG, Baden,
Switzerland) detector, placed at a 885 mm distance
from the sample. The monochromatized beam had
size 1 x 0.7 mm? and photon energy of 18022 eV.
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Figure 5: Tangential and axial cut of wood samples. Stripes
mark the direction of growth-rings. Red arrows indicate the
alignment of specimens with respect to the X-ray beam.

Approximately 1 mm thick radial and axial slices
were cut from the carbon cubes by placing the cubes
in the intersection of two orthogonal planes and us-
ing a very sharp razor blade. The slicing directions
are shown in Fig. 5. The difference between early
and late wood was clearly visible, even after acti-
vation, therefore the slicing of each cube and the
alignment of the specimens in the X-ray beam was
possible in both orientations, with respect to the
tracheae. The two slicing directions are denoted by
“tangential” and “axial”, hinting on the orientation
of the normal of the slicing plane with respect to
the stem axis. The third (“radial”) slicing direction
was not considered, as small-angle X-ray scattering
from radial and tangential sections of wood do not
differ significantly [13].

For each activation time of each wood species,
one tangential and one axial sample was used for
SAXS measurements.

Two-dimensional scattering patterns were cor-
rected for background, camera distortion and ab-
sorption effects by using the program packages spe-
cific to the measurement stations.

For quantitative analysis, sector averaged radial
and stripe averaged azimuthal scattering curves
were calculated. Azimuthal scattering curves were
determined by evaluating numerically the integral:

q2
00 = [ 1 texcosx+eysin)ds (1)
q1
where ex and e, are two orthogonal unit vectors
in the image plane (z pointing down and y right
from the beam center) and x is the azimuth angle
[see e.g. 5]. q denotes the momentum transfer vec-
tor, its length being ¢ = 4w sin /A, where 6 is the

half scattering angle. Thus the integration area is
a ring on the scattering pattern with ¢; and ¢» as
inner and outer radii. To eliminate effects of ill-
determined beam position, the origin of the image
was adjusted by minimizing |I(x) — I(x + 180°)| in
the least-squares sense, making use thereby of the
centrosymmetry of the scattering patterns, which
follows from the centrosymmetry of the scatterers.

From these azimuthal curves, the azimuth angles
of the two sets of maxima (detailed discussion in
section 3.2) were determined. Sector averages were
calculated along those preferred directions (angular
size of the sectors was 5°), by masking out irrelevant
detector pixels. The statistical quality of the aver-
aged curves has been improved by taking advan-
tage once again of the centrosymmetry of the scat-
tering image. Finally, sector averages determined
from different expositions of the same sample were
summed to get the radial intensity on the largest
possible g-range.

2.5. Computer simulation

As an aid to interpreting the SAXS images, com-
puter simulations were carried out to determine the
small-angle scattering properties of simple models
emphasizing the anisotropic features of nanostruc-
tured carbonized wood. For the construction of
these models different a priori considerations and
direct experimental data were taken into account.
First of all, the AFM images (Fig. 3) show that the
matrix is composed of large structural units extend-
ing up to approx. 100 nm. The changes occurring
during activation influence the formation of micro
and mesopores significantly, therefore these changes
take place in the size range of 1-50 nm. We have
observed that the anisotropic scattering patterns
vanish at about ¢ = 0.1 A=, After this value the
Guinier scattering of small compact units can be
seen (see later). The characteristic value of the ra-
dius of gyration falls into the size range of about
1 nm, concluding that this is the lower size limit of
our model.

The basic components were hard spheres, with
smooth surfaces and a homogeneous electron den-
sity inside them. The radii of the spheres were
sampled from a Gaussian distribution. The choice
fell on spheres for three reasons. Firstly, the gen-
eral model of the nanostructure of ACs assumes the
matrix to be built up from small, isotropic “crys-
tallites” of turbostratically packed graphene sheets.
Secondly, the scattering form factor of a sphere
can be computed analytically. Thirdly, building



anisotropic structures from isotropic components
enables one to simulate the loss of anisotropy by
pore formation.

The model specimens were constructed according
to the following procedure. Firstly, rod-like struc-
tures responsible for anisotropy (fibrils) were built
up by placing the spherical units after each other
in such a way that neighbouring spheres touch each
other. The incoming angle of each new sphere was
sampled uniformly in a cone with its axis being the
straight line connecting the centres of the two most
recently added spheres.

Two extreme types of fibrils were investigated:
“straight” and “uneven”. Each of them was con-
structed from 15 spheres. For straight fibrils, the
average radius of the spheres was 1.7 nm with a
standard deviation 0.25 nm, and the half-aperture
of the construction cone (follow angle) was 5°. Un-
even fibrils were meant to be rougher, which was
accomplished by setting the standard deviation of
the radii to 0.75 nm (while keeping the average at
1.2 nm) and the follow angle to 45°. The average
length of the individual fibres was approximately
160 nm for straight fibrils and 43 nm for uneven
ones. The lateral extent of these fibrils falls in the
range of 2.5-3.5 nm, in accordance with the liter-
ature on the thickness of cellulose microfibrils in
wood [13-15].

(a) Straight fibrils (b) Uneven fibrils

(c) Activated form

Figure 6: Models for activated carbons. The length of the
fibrils is approx. 30 nm.

In the second step, each rod was tilted by a ran-
dom angle (sampled from a Gaussian distribution)

from the vertical direction, then rotated around the
vertical axis at random (the angle of rotation fol-
lowed a uniform distribution on [0°,360°[). Lastly,
all such transformed rods were packed together by
moving them one by one in the horizontal plane to-
wards the origin until collision, to yield model spec-
imens, a few representatives of which are shown in
Fig. 6. The mean of the tilt angle is denoted later on
as “nanofibril angle” (NFA), as a distinction from
the microfibril angle (MFA) in native wood.

The effect of the activation process was simulated
by removing a given amount of spherical units from
each sample at random, assuming thereby the ac-
tivating agent to be able to penetrate the sample
homogeneously. This method was expected to sim-
ulate the opening of mesopores, observed during
activation of pyrolized wood.

Small-angle scattering patterns of the model scat-
terers described above were calculated according to
a generalized version of the Debye formula, i.e. scat-
tering of a particulate system, without averaging
over the macroscopic orientation of the sample [30]:

(@) =YY Fi(q)Fi(q)cos(q - Tjx) (2)
ik

where Fj(q) is the form factor of the j-th sphere,
q is the length of the momentum transfer vec-
tor q, rj; is the distance vector of the centres
of sphere j and k, and sums are done over all
spheres. For creating scattering models and cal-
culating their scattering, a purpose-made program
suite was used. The computing core was imple-
mented in C and Cython, while the controlling pro-
cedures were Python scripts!.

Scattering patterns were calculated in a trans-
mission set-up, with a 256x256 matrix for a flat
position-sensitive detector (10x10 cm? in area).
The theoretical X-ray source was an infinitely small
point-collimated beam of completely monochro-
matic Cu-Ka radiation (A = 1.54 A), hitting ex-
actly the centre of the detector. Smearing effects
caused by finite beam or pixel sizes were not ac-
counted for. Adsorption effects were also neglected.
The distance from the detector plane to the sam-
ple was 5.75 m. The axis of the theoretical X-ray
beam was lying in the horizontal plane of the model
specimens, thus the calculated patterns correspond
to those measured from the tangential cuts of acti-
vated carbon samples.

1For more information, please contact the authors at
wacha@chemres.hu



The way of computing the small-angle scattering
patterns (i.e. the generalized Debye-formula) posed
limitations on the size of the model specimens, as
the CPU time for the calculation scales with O(N?).
A good compromise between model size and cal-
culation time was when each model specimen con-
sisted of 100 fibrils, constructed from 15 spheres
each, thereby giving 1500 spheres in total per model
specimen. To rule out artefacts caused by finite
size and uncontrolled parameters, around 20-35 in-
stances were created at random for each simulation
(identified by fibre type and NFA), and their scat-
tering patterns were averaged. This way the im-
ages became smoother, but no matter how large
number of random instances is chosen, this type of
modelling (direct calculation of scattering patterns
from sphere structure) is not capable of yielding
the quality of real-world SAXS experiments, where
averaging is done over ensembles larger by several
orders of magnitudes.

Another consequence of the finite size is the lack
of fractality. To achieve fractal-like power-law scat-
tering curves, similar structure should exist at sev-
eral orders of magnitude, which cannot be achieved
with the present model.

Another simplification is the complete absence of
ordering in the lateral plane (with respect to the
trunk axis), which rendered the model unusable for
studying features seen in axial samples. However,
lateral ordering is expected to have only little im-
pact on scattering properties of tangential cuts.

3. Small-angle X-ray scattering: results and
discussion

3.1. Two-dimensional small-angle scattering pat-
terns

3.1.1. Azial cut

Scattering images obtained on samples cut in the
axial direction are displayed in Fig. 7. In this cut-
ting direction, scattering from carbonized samples
differs strongly: beech exhibits completely isotropic
scattering, oak shows elongated features, while the
patterns measured from spruce contain a cross-like
shape.

The morphological features seen in SEM micro-
graphs presented before (in Fig. 4) give an explana-
tion to these differences. Because of the rectangular
cell walls of spruce, the projection of its microstruc-
ture onto the axial cutting plane exhibits two nearly

q (1/8)

-0.1 0.0 0.1
q (1/R)

Figure 7: (Colour online) Measured SAXS images of the
wood-derived AC samples, axial cut. The stem axis is or-
thogonal to the image plane. Labels in the upper left corners
of the images indicate the burn-off ratio. The colour scale is
logarithmic.

orthogonal preferred directions in the correspond-
ing microscopic image. The “shafts” of the cross-
shape in the SAXS pattern correspond to these di-
rections, i.e. the horizontally elongated structures
in the projection of the carbonized fibrils onto the
cut plane (parallel to the detector plane) cause ver-
tical widening of the scattering pattern, while hor-
izontal widening is the effect of vertical structures.
In a similar way, the slightly elongated or isotropic
shape of the SAXS patterns of oak or beech, re-
spectively, can be attributed to the irregular and
polydisperse shape and unordered packing of their
cells in the axial plane.

At the beginning of activation (15 minutes, sec-
ond row in Fig. 7) the characteristic patterns
persist—except for a rotation by an arbitrary an-
gle around the axis of the X-ray beam. The cause
of this rotation is the undefined alignment of the
sample in the plane orthogonal to the X-ray beam.

As the activation process extends further,



anisotropy diminishes, although in the case of
spruce- and oakwood, anisotropy remains to a
small extent even after 90 minutes of activation
(last row in Fig. 7). Apart from this, small
streaks can be distinguished near the beam-stop
area (¢ < 0.01A~1). This feature originates from
the structure of the sample, and can be attributed
to anisotropic micro-cracks in the carbon texture.
This type of anisotropy survives even 90 minutes of
activation (approx. 50% burn-off). Comparing the
changes due to activation at larger and smaller val-
ues of ¢, it can be concluded that anisotropy exists
at more than one independent length scales.

3.1.2. Tangential cut

Wood specimen
Oak

-0.1

0.0
q (1/3)

0.1

-0.1 0.0 0.1
q (1/A)

Figure 8: (Colour online) Measured SAXS images of
the wood-derived AC samples, tangential cut, sample-to-
detector distance was 3745 mm. The stem axis is vertical.
Labels in the upper left corners of the images indicate the
burn-off ratio. The colour scale is logarithmic

SAXS images from tangential cuts are shown in
Fig. 8. All specimens were aligned in such a way
that the stem axis was nearly parallel to the verti-
cal direction on the scattering image, because pre-
ferred directions on the surface of the specimens

were clearly visible to the naked eye, in contrast to
axial cuts.

The different anisotropy in scattering patterns
from carbonized wood samples, depending on the
species of wood, is clearly visible. Spruce exhibits
the largest anisotropy, while beech the least. Dur-
ing activation, these anisotropic features decrease
for every wood specimen, in a similar way as found
in axially cut samples and the scattering images
become circularly symmetric, apart from the con-
tributions of micro-cracks, which are still present
even after 90 minutes of activation, as in the case
of axial samples. As these streaks are horizontal,
they may be identified as the contributions of ver-
tical micro-cracks in the samples.

The scattering patterns of plain carbonized wood
exhibit similar features as native wood does [5, 13,
14]. In those, nearly horizontal streaks in the range
0.1 < ¢ < 0.4 A~ are usually caused by the ap-
proximately vertical alignment and elongated shape
of (micro)fibrils [31]. For smaller angles (below
q = 0.05 A‘l) scattering was found to be domi-
nated by voids [32]. However, these features of na-
tive wood can undergo drastic changes during car-
bonization and activation.

3.1.3. Computer simulation

Small-angle scattering images of the scattering
models described in section 2.5 are displayed in
Figs. 9 and 10. The nanofibril angle, i.e. the ran-
dom tilt angle of the fibres with respect to the stem
axis was taken from a Gaussian distribution of stan-
dard deviation 5°, centred at 0, 15 or 30°. Microfib-
ril angles are known to fall mostly into this range
according the literature. Burn-off values were cho-
sen to correspond to those of activated wood.

The first lines of the figures show the scattering
patterns of the initial, i.e. not activated models.
Each image exhibits two sets of streaks. Horizon-
tal, continuous ones, which split up with increasing
NFA are caused by the orientation of individual fib-
rils with respect to the vertical axis, while vertical,
more discrete ones can be understood as effects of
the chain-like packing of the spheres in the fibrils.
Indeed, for uneven fibrils, this feature is less ex-
pressed, because of the ordering of the spheres in
the fibrils is less complete.

Increasing the NFA, SAXS patterns show az-
imuthal broadening and splitting of the horizontal
streak signal. This effect bears resemblance to the
broadening caused by the variation in the cellulose
microfibril angle on which various authors give both
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Figure 9: (Colour online) Calculated 2D X-ray scattering of
straight models. The colour scale is logarithmic.

theoretical and experimental evidence [12, 33]. For
the uneven model, this broadening is also present,
but not so well-marked, and the radial extent of the
butterfly pattern is smaller (see Fig. 10).
Tendencies similar to those observed in the SAXS
patterns of activated tangential samples can be ob-
served here as well. As more and more spheres
are burnt off, an isotropic scattering signal appears
at larger angles, originating from distinct compact
scattering units, simultaneously decreasing the in-
fluence of fibrous structures on the scattering im-
age. Vertical streaks remain approximately intact.
In contrast to real carbonized wood, horizontal
streaks remain visible even for large amounts of
pores in case of straight models. In this sense, struc-
tures composed of uneven fibres, especially with 0°
NFA, are more accurate models for the anisotropy
observed in wood-based activated carbons.

3.2. Quantitative characterization of anisotropy
Azimuthal scattering profiles—i.e. intensity wvs.

X, the azimuth angle—are more suitable for char-

acterization of anisotropic scattering properties of

Nanofibril angle
15°

Burn-off ratio
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0.1

-0.1 0.0 0.1
q (1/A)

Figure 10: (Colour online) Calculated 2D X-ray scattering
of uneven models. The colour scale is logarithmic.

both ACs and their theoretical models. Azimuthal
curves were determined from the two-dimensional
scattering patterns of tangential and axial AC sam-
ples at the g-range of the end of the horizon-
tal streaks in plain carbonized spruce and oak
(0.024 A=' < ¢ < 0.048 A~1). Carbonized beech
also has substantial scattering intensity in this re-
gion. The curves themselves are shown in Fig. 11.
The curves are periodic with period 180°, as a con-
sequence of the centrosymmetric nature of the scat-
terers. The tangential sections of ACs produced
from spruce and oak exhibit one set of peaks (near
90 and 270°), decreasing in height as the activation
process proceeds. These correspond to the hori-
zontal streaks in the respective scattering patterns.
The remaining anisotropy at higher activation (es-
pecially in the case of spruce) is the manifestation
of the scattering from micro-cracks, mentioned be-
fore.

Curves determined from the axial cuts of spruce-
derived ACs exhibit two sets of peaks, caused by
the cross-like shape seen in the scattering patterns.
The angular displacement of these peaks is not ex-
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Figure 11: Azimuthal scattering curves for activated wood
samples (in the range 0.024 A~ < ¢ < 0.048 A=1). The
burn-off is indicated for each curve. Axial curves were shifted
along the abscissa to eliminate the effects of the undefined
macroscopic orientation of the specimens (no vertical scaling
was done).

actly 90°, as the rectangular cell-shape would sug-
gest [12]. The cause for this aberration may be
that the cut plane was not completely orthogo-
nal to the stem axis, making cut surfaces of the
cells to be slanted parallelograms instead of rect-
angles.Similarly to tangential curves, the height
of these peaks decreases during activation, leaving
only one pair of peaks at the highest burn-off, which
originate from micro-cracks in the texture of the
samples.

Azimuthal curves obtained from axially cut ACs
from oak have only one set of peaks, due to the
different cross-sectional shape of the cells. They
decrease in intensity during activation in a similar
manner as in spruce-derived ACs.

Beech however exhibits different characteristics.
As seen from the scattering patterns, it has but
a very little anisotropy even at the beginning of
activation. Beside the horizontal streaks (x = 90
or 270°), another set of peaks can also be observed
in the vertical direction (x = 0 or 180°) on the
tangential curves, although only to a rather small
extent. This set vanishes at lower burn-off than the
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horizontal streaks do during activation.

Azimuthal scattering patterns of the model speci-
mens were calculated directly by a modified version
of equation (2) and are shown in Fig. 12. To reduce
effects of finite sample size, azimuthal curves cal-
culated at 10 equidistant points of ¢ in the range
of [0.1,0.12] A~ were averaged. Before plotting,
all curves were smoothed by convolution with a 14°
wide Hanning window.
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Figure 12: Azimuthal scattering profiles of the model speci-
mens.

These curves have many common features with
the measured ones. Large peaks (around 90 and
270°) originate from the broadening of the horizon-
tal streaks, opening of the “butterfly wings” in the
scattering patterns. Smaller ones at 0 and 180°
correspond to the vertical streak in Figs. 9 and 10,
caused by the vertical packing of spherical subunits.
It becomes clear that broadening of the previous
ones can be attributed to the separation of two
peaks in azimuth angle, which correspond to two
extremal tilts (NFA) of the orthogonal projections
of the fibres in the plane of the detector.

As seen in the measured patterns, activation, or
pore formation reduces anisotropy. In the calcu-
lated curves, the same tendency can be observed. In
contrast to measurements however, here the peaks
at 0 and 180° vanish faster, as a consequence of the



difference of the effects causing them.

Based on these results, a qualitative comparision
can be made between real ACs and the models.
Generally, simulated specimens with uneven fibrils
describe features of activated carbons better than
their straight counterparts. Especially, the small-
angle scattering patterns and azimuthal intensity
profiles of the NFA = 0° model series exhibit simi-
lar properties as of tangentially cut spruce and oak
derivatives.

The most prominent feature found in both SAXS
experiments and simulations is the disappearance
of anisotropic features in scattering images due to
activation. This can plausibly be attributed to the
gasification of entire carbon crystallites in the reach
of the activating agent, thereby causing the forma-
tion of mesopores, which in turn break the fibres
into smaller components, reducing anisotropy.

For quantitative characterization, different mea-
sures can be devised. The most simple parameter
is the degree of alignment (p), introduced by Fratzl
et al. [34]. It can directly be obtained from az-
imuthal scattering curves, even in relative intensity,
as the ratio of the total peak area above the con-
stant baseline and the integral of the curve with re-
spect to the azimuth angle. In the case of isotropic
scatterers, the net peak area over the baseline is
zero, therefore the degree of alignment is zero in
that case, and increases with increasing anisotropy.
If the sample is “totally anisotropic”, i.e. the base-
line is at zero, one gets p = 1, which is the highest
possible value.

Fig. 13 shows the dependence of the degree
of alignment on the burn-off for both tangential
and axial cutting directions of wood-derived ACs.
These results are in concordance with the previ-
ous findings. For both tangential and axial cuts,
the degree of alignment in oak and spruce decrease
with the burn-off, while in beech it remains small
throughout the activation process. A profound dif-
ference can be observed between tangential and ax-
ial cuts. In the first case, a dramatic loss of align-
ment is found in the first 15 minutes of activa-
tion (cca. 10 % burn-off), after which anisotropy
changes only little. As at the beginning of the ac-
tivation process mostly micropores are formed, it
may be concluded that micropores contribute to
the loss of anisotropy in the tangential direction
significantly. In the axial cutting direction how-
ever p decreases almost linearly for these two wood
species. Maybe the anisotropy defined by the cell
cross-sections in the precursor materials is more ro-
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Figure 13: Anisotropy parameters for different specimens.
Burn-off values were rounded to fives.

bust than the vertical, fibril-originated features.

Different tendencies can be observed in the cor-
responding graphs obtained from model specimens
(Fig. 14). The decreasing nature of p is retained,
especially in straight fibrils, however the decrease is
not so dramatic as found in spruce and oak. This
can be attributed to the way of simulating the burn-
off, namely assuming the activation agent to pene-
trate the whole sample uniformly, causing the for-
mation of unimodal pores. The dependence of p on
the nanofibril angle is more complex and changes
with the burn-off.

3.8. Analysis of the scattering curves

To elucidate the meaning of the features observed
in the measured two-dimensional SAXS patterns
and to estimate the extent of anisotropy, sector av-
erages of the tangential patterns have been calcu-
lated according to the procedure described in sec-
tion 2.4. For each image, three curves were cal-
culated: one sector average along the horizontal
streak (absolute maximum of the azimuthal curve),
one along the vertical streak (second largest maxi-
mum in the azimuthal curve, nearly 90° apart from
the absolute maximum) and finally a full-circle av-
erage of the scattering patterns. These curves are
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Figure 14: Anisotropy parameters of the models.

shown in Fig. 15.

Each curve starts with a power-law scattering re-
gion corresponding to the scattering of a fractal sys-
tem, which is followed by one or more Guinier-like
knees, and ends with a second power-law [35-37].
Comparing different curves of the same scattering
specimen the extent of anisotropy can be deter-
mined in terms of ¢q. From the Figure it is clear
that anisotropic properties are limited to the first
fractal-region (ending at ¢ ~ 0.1 A=1). It may be
said therefore that this region can be attributed to
the fractal properties of remnants from microfibrils.
It is also noteworthy that vertical sectors approach
the full-circle averages faster than horizontal ones
during activation, i.e. the vertical anisotropy van-
ishes faster than the horizontal.

More accurate results can be obtained by fitting
the horizontal and vertical sectors by appropriate
model functions. Scattering curves with a knee (all
curves with the exception of the highest activated
samples and the second-highest activated sample of
beech), were able to be fitted well by the sum of
a power-law and an empirical Guinier-Porod curve
[38]:

I(q) = Aq” + ®(q,G, Ry, B) (3)

The second term, the compound Guinier-Porod
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Figure 15: Slices of scattering images (tangential cuts) along
the horizontal (—) and vertical (-~ — —) directions, as well
as the full azimuthal averages (---). For the sake of visibil-
ity, curves were multiplied to avoid overlaps (multiplication
factor for each curve is indicated).

curve is defined as:

B(q,G Ry )= G T asdat )
Bq” if ¢>q*

where the parameters ¢* and B are defined by G,
R, and 8 through constraints of smoothness in ¢*.
In other words, a Guinier scattering law is coupled

to the power-law region after it, whereby one fitting



parameter (the scaling factor for the power-law) can
be spared. The other curves (with exception of the
highest activated oak sample) could be fitted by a
“reversed” version of this fitting function, 7.e. where
the Guinier function was attached to the end of the
low-q power-law with similar constraints of smooth-
ness. The fitting was carried out on the range of
0.0086 < A‘lq < 0.576 A~L. Fitted curves are not
displayed because of the perfectness of the fits (the
coefficient of determination (R?) was better than
0.995 in all cases), and to retain the readability of
the graph. The relevant structural parameters are
displayed in Tab. 1.

From the Guinier ranges, radii of gyration have
been determined. The growth of these radii can be
observed in all curves, which is a consequence of
the formation and growth of small, partially crys-
tallized basic structural units [39]. Another inter-
pretation is that the Guinier scattering of micro-
or mesopores can be observed, due to the Babi-
net principle. The first explanation is supported
by the fact that because of the low temperature of
pyrolysis, the carbonization of the samples are not
complete and continues during the activation pro-
cess carried out at a higher temperature. The sec-
ond one is plausible because of the formation and
growth of the pores during steam activation.

In beech- and spruce-derived ACs a dramatic
jump is observed in the Guinier radii, as another
Guinier range appeared in the scattering curves,
corresponding to mesopores. Parallelly, the impact
of the other Guinier region decreases, which may
be the consequence of the burn-off of whole car-
bon crystallites or the fusion of micropores. Oak
exhibits similar features at the highest activation,
where both Guinier knees can be observed, al-
though very weakly, ill-suited to fit them with sig-
nificance. The radii of mesopores increase with ac-
tivation similarly those of micropores or partially
crystallized structural units.

Power-law scattering in ACs is usually caused by
surface, mass or pore fractal structure [40, 41]. The
general formula for the scattering of fractal systems
is I(q) = AqPs—2(Pm+Dp)+6  which simplifies to
I(q) = AgP==¢ for surface fractals (D,, = D, = 3)
and I(q) = Aqg P or I(q) = Ag~Pr for mass or
pore fractals (D, = Dy = 2 or D,,, = D, = 2),
respectively [42]. Surface fractals can be discerned
from the other two “bulk” fractals by just analysing
the exponent. On the other hand, telling mass
and pore fractals apart needs knowledge from other
sources.
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ACs prepared from beech behave as mass or pore
fractals at the low-g range even without activa-
tion, corresponding to a porous structure, which
describes its inherently weak anisotropy. The frac-
tal dimension decreases during activation both in
horizontal and vertical sectors, as a consequence of
pore formation. Samples derived from oak start as
surface fractals, turning later into bulk fractals, in
a similar way as other authors found [41]. However,
this conversion starts in our case with the increase
of the surface fractal dimension, which may be a
consequence of the fact that crystallization of the
char proceeds during activation. After the conver-
sion however, the same decrease of the bulk fractal
dimension is observed as in beech.

Spruce exhibits the same tendency, except that
at highest activation it turns once again into a sur-
face fractal in both horizontal and vertical direc-
tion. Maybe pore formation goes to that extent
that bulk fractality vanishes.

The ratio of the scaling factors of the low-g
power-law and the following Guinier range can act
as a rough measure of the contribution of micro- or
mesopores in scattering. These parameters can be
found in the rightmost column of Tab. 1. For beech
a growing tendency is observed, as a consequence
of further crystallization or micropore formation.
In spruce and oak on the contrary, this parameter
decreases during activation. The cause of these dif-
ferences may be the different relative evolution of
the pore system and the carbon skeleton.

Simulated models on the other hand are not ap-
plicable for such treatment. Although they are
good enough to describe anisotropic scattering fea-
tures found in our AC samples, their construc-
tion method precludes the possibility of fractal
structures because of the lack of the same struc-
ture on several length scales. A possible improve-
ment would be to substitute the current spherical
units with closely packed smaller ones. This would
also allow for the more close modelling of micro-
and mesopore formation by controlled removal of
spheres.

4. Conclusions

Structural features—especially anisotropy—are
retained in activated carbons prepared from the
three typical European wood species investigated.
Two-dimensional scattering images differ pro-
foundly with respect to precursor species and slic-
ing direction. Moreover they change differently as



Burn-off Low-¢q Low-q fractal Radius of Relative weight
exponent dimension (type) gyration [A]  of Guinier scattering
Beech, horizontal sector

0% -2.88 £ 0.01 2.88 + 0.01 (mass/pore)  4.57 + 0.02 191 + 4

9 % -2.71 £ 0.01  2.71 4+ 0.01 (mass/pore)  5.08 £ 0.01 306 + 8

26 % -2.49 4+ 0.01  2.49 4+ 0.01 (mass/pore) 24.13 £+ 0.11¢ 1870 £ 80*

54 % -2.38 £ 0.02  2.38 £+ 0.02 (mass/pore) 27.04 £+ 0.23° 1840 £ 80¢
Oak, horizontal sector

0% -3.90 £ 0.01 2.10 + 0.01 (surface) 3.13 £ 0.01 8400 £ 200

10 % -3.28 £ 0.01 2.72 + 0.01 (surface) 5.37 £ 0.01 4100 £+ 100

26 % -2.68 + 0.01 2.68 &+ 0.01 (mass/pore) 5.70 £ 0.01 189 £ 4

55 % -2.41 £ 0.03 2.41 &+ 0.03 (mass/pore) N/A? N/Ab

Spruce, horizontal sector

0 % -3.89 £ 0.01 2.11 + 0.01 (surface) 2.74 £ 0.02 5300 £+ 90

10 % -3.13 £ 0.01 2.87 + 0.01 (surface) 5.19 + 0.01 1260 £ 20

27T % -2.80 £ 0.01 2.80 + 0.01 (mass/pore)  5.35 + 0.01 393 £ 6

49 % -3.36 £ 0.01 2.64 + 0.01 (surface) 30.85 £ 0.21¢ 30000 £ 20000
Beech, vertical sector

0% -2.92 + 0.01  2.92 4+ 0.01 (mass/pore) 4.60 £ 0.02 216 £ 5

9% -2.41 £0.01 241 £+ 0.01 (mass/pore)  5.05 = 0.01 127 £ 3

26 % -2.40 £ 0.01  2.40 + 0.01 (mass/pore) 23.77 £+ 0.11¢ 1410 + 40¢

54 % -2.28 £ 0.02 2.28 + 0.02 (mass/pore) 27.12 £ 0.25% 1400 £+ 100®

Oak, vertical sector

0 % -3.59 £ 0.03 2.41 + 0.03 (surface) 3.25 + 0.01 29000 + 3000

10 % -2.87 £ 0.01 2.87 + 0.01 (mass/pore)  5.33 + 0.01 1630 + 50

26 % -2.55 + 0.01  2.55 4+ 0.01 (mass/pore) 5.72 + 0.01 132 + 3

55 % -2.23 £ 0.01  2.23 + 0.01 (mass/pore) N/A? N/A?
Spruce, vertical sector

0% -3.35 £ 0.03 2.65 + 0.03 (surface) 3.07 £ 0.02 43000 + 4000

10 % -2.88 £ 0.01 2.88 + 0.01 (mass/pore)  5.49 + 0.01 840 + 20

27 % -2.75 £ 0.01 2.75 4+ 0.01 (mass/pore)  5.57 &+ 0.01 37T+ 7

49 % -3.08 £ 0.01 2.92 + 0.01 (surface) 31.85 £ 0.21¢ 18000 £ 4000

“The “reversed” Guinier-Porod model was fitted.
bGuinier-Porod model could not be fitted significantly.

Table 1: Radii of gyration and power-law exponents for carbonized wood samples (tangential cuts). Fitting of the power-law
and a Guinier-Porod function was done simultaneously in the range ¢ € [0.0086,0.576] A—1. The coefficient of determination

(R?) was better than 0.995 for each fit.

a function of activation time. It is inferred there-
fore that the structural anisotropy of the studied
activated carbons is rather complex, and has to be
studied in at least two projections (in our case axial
and tangential).

Although in our study loss of anisotropy was ob-
served during activation, the extent of anisotropy
may increase as well if the technological parame-
ters are optimized. For example, the temperature
and duration of carbonization and/or activation,
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or their consequent alternating application could
result in improved anisotropy of the end-product.
The existence of anisotropic features even after ex-
tensive burn-off might be possible in some cases.

Another means of optimization might be the
choice of the precursors. Instead of phytogenic ma-
terials, other organic substances such as polymers
can be used to achieve considerable anisotropy in
the activated form by utilizing the original tex-
ture. Eventually, as the anisotropy of the carbon



skeleton is coupled to that of the system of pores
and voids, application of the nanometric anisotropy
in the pore system in practice—e.g. in separation
techniques—requires detailed study on the carbon
skeleton, demonstrated in this study.
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