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Nanoporous carbon synthesized via the chlorination of titanium carbide at temperatures above 400 ◦C
shows a good performance, e.g. for gas storage or electrochemical applications. In this work the
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influence of the temperature and of the chlorine concentration on the reaction rate and the develop-
ment of the porous structure during the course of the reaction was studied. The synthesis follows a
Langmuir–Hinshelwood approach regarding chlorine, which can be simplified to a power law rate with
the order of 0.71, and the specific surface area is created mainly in the last 10% of conversion.

© 2010 Elsevier B.V. All rights reserved.
itanium carbide
anoporous carbon

. Introduction

Microporous carbons are widely employed in the field of chem-
cal engineering. Fields of applications are for example waste

ater treatment, gas purification or catalysis [1–5]. Although being
nown for decades, the interest of science and industry in porous
arbons is unbroken. For the present challenges in the energy sec-
or these materials are in discussion for several applications, like
or example the employment as adsorbent to improve the stor-
ge of hydrogen and natural gas or electrochemical applications
ike materials for double layer capacitors or catalyst support mate-
ial for fuel cells. Recent success in producing carbons with specific
urface areas above 3000 m2/g increased the effectiveness of these
aterials.
Some methods for the synthesis of porous carbons are well-

nown and already industrially employed, e.g. the activation of
arbon with phosphoric acid or carbon dioxide [1], but also new
ethods are in the focus of actual research. One of them is the

ynthesis of microporous carbon with narrow and adjustable pore
ize distribution by the chlorination of metallic carbides and is
nown as carbide-derived carbon (CDC) method [6]. The reaction is
erformed at elevated temperatures, where the non-carbon com-
ound of the carbide reacts with chlorine to a gaseous species, while

he carbon remains as a solid phase. For the chlorination of titanium
arbide the overall reaction equation is:

iC(s) + 2Cl2(g) → TiCl4(g) + C(s)

∗ Corresponding author. Tel.: +49 9131 8527430; fax: +49 9131 8527421.
E-mail address: bastian.etzold@crt.cbi.uni-erlangen.de (B.J.M. Etzold).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.02.011
Temperatures above 400 ◦C are necessary to suppress the for-
mation of CCl4, which would result in a loss of carbon. Gogotsi et
al. showed that the synthesis of CDC materials has two technical
advantages [7,8]. The overall shape of the carbide is retained during
the chlorination, and thus the shape of the resulting carbon can be
influenced by the precursor carbide and no shrinkage, like common
for pyrolysis, occurs. Secondly, the resulting pore size distribution
can be adjusted by the precursor carbide and the chlorination tem-
perature [8–10].

Carbide-derived carbon synthesized by the chlorination of tita-
nium carbide (abbreviated in this work TiC-DC) show extraordinary
performance in the application as adsorbent material [11–16] and
the field of electrochemistry [17–24]. Beside these fields also the
employment as tribological coatings, antimicrobial material or
membranes are discussed in literature [6,25–27]. Despite good per-
formance and detailed studies on the resulting pore structure, up
to now, to our best knowledge, no detailed studies of the kinetics of
the synthesis of TiC-DC are reported in the literature. Some kinetics
are presented for the related process of the chlorination of silicon
carbide by various authors [28–32]. But for TiC-DC detailed kinetic
data are still unknown, although they are essential for the design
of industrial synthesis processes.

This work presents a kinetic study on the chlorination of com-
mercial titanium carbide powders.
2. Experimental

Commercial titanium carbide powder (99.5% purity, approx-
imately 3.5 �m in diameter, Alfa Aesar GmbH & Co. KG) was
chosen as carbide precursor. The chlorination was performed in a

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bastian.etzold@crt.cbi.uni-erlangen.de
dx.doi.org/10.1016/j.cej.2010.02.011
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Table 1
Reaction conditions for the chlorination of TiC.

Temperature 400–1200 ◦C
Total pressure 98 kPa
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Chlorine concentration 0.22–6.7 mol/m3

Superficial velocity 0.015–0.045 m/s
Etching time 10–120 min

orizontal tubular reactor heated by a furnace (Gero Company). The
lumina tube was 1300 mm in length and 32 mm in diameter. Tem-
erature profiles were taken to determine the isothermal zone and
djust the controller of the furnace. All gases were dosed via mass
ow controllers. The exhaust gas was cleaned by a cooling trap and
y absorption in a 30% potassium hydroxide solution.

To perform the chlorination approximately 0.5 g of the titanium
arbide powder was filled into a ceramic crucible, which was placed
n the isothermal zone of the reactor. To check tightness and to
emove oxygen, the reactor was evacuated and then filled with
elium. Thereafter, the reactor was heated up to 600 ◦C and the
amples were exposed to a He/H2 atmosphere (16.7 vol.% H2) for
0 min. The chlorination temperature and superficial velocity were
et during a further purge with helium. After the selected final
emperature was reached the reaction was started by switching to
chlorine/helium mixture. The reaction was stopped by flushing
ith pure helium. Traces of chlorine adsorbed on the porous car-

on the substrate were removed by flushing with a H2/He mixture
or 30 min at 600 ◦C.

The reaction progress was determined gravimetrically, i.e. the
ass of the precursor carbide was measured before the experiment

nd after the reaction (after the reactor had been cooled down). Par-
ially reacted carbides were not further used for the kinetic study,
.e. the reaction time was varied based on experiments with fresh
iC. If it is assumed that the recorded loss of mass results only from
itanium, which is etched from the carbide, hence that no carbon is
tched and that no re-deposition occurs, the total etching rate rtotal
nd the degree of conversion X can be calculated by:

total = �m

MTi · t · m0
(mol/kg s) (1)

(t)=n0,TiC−nTiC(t)
n0,TiC

= n0,Ti−nTi(t)
m0,TiC/MTiC

=m0,TiC−mCDC,TiC(t)/MTi

m0,TiC/MTiC
(2)

ith t: the time in s; n0, m0: initial amount of substance or mass
n mol or kg; nTi(t): amount of substance in mol of Ti remaining in
he CDC/carbide substrate after reaction time t; mCDC,TiC(t): mass
f remaining CDC/carbide substrate after reaction time t in kg; M:
olar mass in kg/mol.
To determine the kinetic parameters (reaction order, activation

nergy, pre-exponential factor) the reaction time, the temperature
nd the initial chlorine concentration were varied (Table 1). Beside
he gravimetric monitoring of the reaction progress, the materials
ere also analyzed by means of N2- and CO2-sorption measure-
ents (Quantachrome QuadrasorbSi-MP and Nova 4200e) and by

he determination of the true density (Porotec Pycnomatic Mul-
ivolume). For the evaluation of the sorption measurements the
L-DFT model for carbons with slit pores (software QuadraWin 4.01
nd NovaWin 10.0) was employed. Raman spectra were recorded
rom 100 to 3000 cm−1 (Raman spectrometer Dilor ISA Labram HR)
quipped with a HeNe laser (k = 633 nm) at 50× magnification.

. Results and discussion
.1. Influence of reaction time

Degrees of conversion of the titanium carbide between approx-
mately 10 and 90% were achieved by variation of the reaction time
Fig. 1. Degree of conversion of TiC versus reaction time (cCl2,0 = 0.45 mol/m3,
800 ◦C).

in a range of 10–120 min at 800 ◦C and 0.45 mol/m3 of chlorine.
XRD-analysis of the raw material shows crystalline titanium car-
bide. From particle size measurements it is known that the mean
particle size is 3.5 �m and that 92 vol.% of the particles are smaller
than 9.3 �m, while the maximum measure particle size was 24 �m.
From N2-sorption measurement the specific surface area (BET) of
the raw material results to 1.1 m2/g. Comparison of the particle size
distribution of the original and the chlorinated powder showed no
change in the particle size. Hence the shape of the carbide particles
is retained during the chlorination. Fig. 1 shows the plot of conver-
sion versus reaction time. The conversion of TiC increases almost
linearly up to 87% conversion is reached after 90 min. Thereafter the
conversion increases only very slowly, and the reaction rate drops
strongly. The conversion of chlorine is relatively small (<40%) and
additionally due to the volume consuming reaction the concentra-
tion of chlorine does not decrease more than 25% (see Chapter 3.3).
Thus for the subsequent discussion it is assumed that the chlorine
concentration within the reactor and the crucible, respectively, can
be represented by the mean value of the inlet and outlet concen-
tration. During the conversion of the titanium carbide powder a
porous carbon layer between the gas phase and the reactive car-
bide/carbon interface develops and is growing continuously. Thus
the reactive interface area may change during the course of the
reaction.

The linear development of the degree of conversion over the
time in the first region (XTiC < 90%) indicates that the growing
porous carbon layer does not induce pore diffusion limitations,
because the reaction rate would then decrease strongly with
increasing layer thickness and TiC conversion, respectively. Thus
the rate should be proportional to the reactive interfacial area
between carbon and carbide; which may change during the course
of reaction. The border case where this influence is pronounced
most, is a spherical substrate, where the change of the reactive
surface with time is given by:

A(t) = z · � · (d(t))2 (3)

d(t) = 3

√
1

� · z
· V0 · (1 − X(t)) · 6 = 3

√
d3

0 · (1 − X) (4)
⇒ A(t) = z · � · (d3
0 · (1 − X))

2/3
(5)

with z: number of spherical particles; d0: initial diameter of the
spherical particles in m; A: reactive interface area; V0: initial vol-
ume of a single spherical particle in m3.
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tions were reduced by the specific surface area or volume of the
untreated carbide powder. The resulting corrected volume aver-
aged mean pore sizes are also given in Table 2, which indicate that
the mean pore size of the carbon has a constant value of around
0.64 nm. Hence it can be concluded that the pore structure of the
Fig. 2. SEM image of the untreated titanium carbide powder.

With the assumption of a mean (constant) chlorine concentra-
ion, the rate of the TiC conversion is given by:

dX

dt
= A(t) · kX · cCl2 = A(t) · k′

X |X≤1 (6)

ith kX: reaction rate constant in %m/s/mol; k′
X : pseudo reaction

ate constant in %/s/m2.
Eqs. (5) and (6) can be solved by the integration of Eq. (6) in

mall time increments that account for the degree of TiC conversion
nd changing surface area at each integration step. The number z of
he spherical particles was calculated from the initial mass, the car-
ide density and the mean substrate diameter. The pseudo reaction
ate constant k′ was used as the fitting parameter. Fig. 1 shows the
espective fit following the shrinking core model for spherical parti-
les and also the linear fit, which represents the second border case
f particles with constant surface area (infinite plates). The compar-
son with the experimental data shows that up to 60% conversion
oth fits describe the course of reaction almost similar. For a con-
ersion of up to 90% (60 min < t < 90 min), the shrinking core model
ssuming spherical particles fails, while the linear fit assuming flat
article gets unsatisfying above 100 min. As generally the easier but
till accurate model shall be chosen, it is assumed that for the given
owder up to 90% TiC conversion the kinetics can be described by
he flat plate model. Fig. 2 shows a SEM image of the untreated tita-
ium carbide powder. The particles seem to be rather platelets with
igh aspect ratios that spheres, which support that the conversion
f these particles can be describe up to high degrees of conversion
y a flat plate model. The strong decrease of the reaction rate dur-

ng the last 10% of conversion may origin to some amount from the
% of particles with a bigger size (between 9.3 and 24 �m) or from

nclusions of carbides covered with some layers of non-porous car-
on which are only slowly chlorinated at the end of the reaction.
or the further discussion of the kinetics in the next chapters, this
oes not have to be taken into account, because only experiments
ith less than 90% conversion were used to determine the kinetic
arameters. Then the total etching rate is still represented by Eq.
1), and this mean integral rate of an experiment can be regarded
s the actual reaction rate.

The N2-sorption analysis shows the strong increase of the spe-

ific surface area with increasing conversion (Fig. 3). This can
e explained well by the assumption, that the surface area is
ractically only supplied by the porous carbon and not by the
nconverted carbide. The total specific surface area can then be cal-
ulated by the mass content of carbon and the total specific surface
g Journal 159 (2010) 236–241

area of pure carbon. The mass content of the carbon is a function of
the degree of conversion of the carbide, while the specific surface
area of the carbon AC remains as fitting parameter:

ATiC+C(XTiC) = AC
mC

mC + mTiC
= AC

XTiC(MC/MTiC)
XTiC(MC/MTiC) + (1 − XTiC)

(7)

Fig. 3 clearly indicates that Eq. (7) describes the experimental
data very well if the specific surface area at complete conversion
is set within the fit to 1470 m2/g. Hence a high degree of TiC con-
version is essential to produce carbide-derived carbons with high
specific surface areas of more than 1000 m2/g, and 36% of the spe-
cific surface area are created during the last 10% of conversion (the
difference in the molar mass of titanium carbide and carbon is
responsible for this behavior).

Beside the total specific surface area also the pore size distri-
bution is interesting. The mean pore size is calculated according
to Eqs. (8) and (9) from the pore size distribution obtained from
N2-sorption measurement and NL-DFT calculations. The pore size
distribution shows mainly micropores and probably some meso-
pores below 10 nm.

dv,mean =
∑10 nm

0 nm d� · vi∑10 nm
0 nm vi

(8)

da,mean =
∑10 nm

0 nm d� · ai∑10 nm
0 nm ai

(9)

with d�: mean pore diameter of interval i in m; vi: specific volume
of interval i in m3/kg; ai: specific area of interval i in m2/kg.

The mean pore sizes obtained at different degrees of TiC con-
version (Table 2) shows that the mean pore diameter is almost
constant, at least for a conversion of more than about 20%. In the
initial phase of the reaction, the meso- or macroporosity of the tita-
nium carbide powder has an influence on the measured mean pore
size. The untreated carbide shows a specific volume of 0.011 ml/g
with a volume averaged mean pore size of 4.89 nm, which influ-
ences the mean pore size at lower conversions. To obtain the mean
pore size diameter of the porous carbon only, the specific surface
area and specific volume of each interval of the pore size distribu-
Fig. 3. Specific surface areas derived from N2-sorption measurement and NL-DFT
calculations over the degree of conversion (cCl2,0 = 0.45 mol/m3, T = 800 ◦C) and fit
after Eq. (7).
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Table 2
Volume and area averaged mean pore size derived from N2-sorption measurement and NL-DFT calculations over the degree of TiC conversion (cCl2,0 = 0.45 mol/m3, T = 800 ◦C).
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would be necessary to analyze the product gas for CCl4, which was
not possible with the given setup.

The Raman spectras in Fig. 6 show that at higher temperatures
the ratio of intensities (ID/IG), the ratio of the areas (AD/AG), and the
X [%] 0
Volume averaged mean pore size [nm] 4.89
Corrected volume averaged mean pore size of carbon [nm]
Area averaged mean pore size [nm] 4.0

arbon which is obtained in the beginning of the reaction is not
nfluence further by the ongoing reaction. This would happen for
xample by the reaction of the carbon with chloride to gaseous CCl4.

The influence of the TiC conversion on the true density was eval-
ated by helium pycnometry (Fig. 4). As expected, a linear decrease
f the apparent density starting from the density of titanium car-
ide can be observed. The true density is given by

true(X) = �TiC · (1 − X) + �carbon · X (10)

ith �true: true density of the partially reacted substrate; �TiC:
930 kg/m3; �carbon: fit results to 2907 kg/m3.

The true density of the synthesized carbon as obtained from the
t shown in Fig. 4 is 2907 kg/m3. Hence for example for quality
ontrol in an industrial process the conversion can be estimated by
elium pycnometry which is a relative fast analysis.

.2. Influence of reaction temperature

A variation of the reaction temperature at constant reaction time
nd initial chlorine concentration (30 min, cCl2,0 = 0.45 mol/m3)
nly leads to small increase of the rate with temperature (Fig. 5).
he degree of conversion was thereby less than 35%, i.e. the total
tching rate can be calculated by Eq. (1). The activation energy is
nly 6.5 kJ/mol. Despite the low activation energy typical for diffu-
ion limitations, external mass transfer limitations can be neglected
ecause the rate is very slow and in Chapter 3.1 it was also shown
hat internal mass transfer limitations are also negligible. From the
rder of magnitude of the activation energy a limitation of the dif-
usion of reactants within a non-porous solid could be responsible
nd the rate depending step, but an explanation for the rather low
ctivation energy cannot be given up to now.

An increase in temperature beyond 800 ◦C even leads to a slight

rop of the reaction rate. This could be for example attributed to
change in the reaction mechanism and intermediate steps of the
tching reaction, but also the porosity and the degree of crystalliza-
ion of the carbon may change with temperature, which could also
ave an impact on the etching rate.

ig. 4. Development of the apparent density determined by helium pycnometriy
cCl2,0 = 0.45 mol/m3, T = 800 ◦C).
35.2 44.2 58.2 87.5 90.6
2 0.79 0.87 0.79 0.65 0.74
6 0.66 0.67 0.65 0.60 0.69
5 0.62 0.64 0.62 0.58 0.60

The N2-sorption measurements show (Table 3) that the specific
surface area doubles for an increase of the temperature from 400
to 800 ◦C, which cannot only be attributed to the small increase of
conversion from 25% to 35%. At higher temperatures the specific
surface area drops dramatically. From the corrected volume aver-
aged mean pore size of the carbon (see Chapter 3.1) it can be seen
that the mean pore size of the carbon is bigger at temperatures
below 600 ◦C and above 800 ◦C. Thus, microporous carbon with a
sharp pore size distribution is only obtained in a range from 600
to 800 ◦C. For lower temperatures, the increase of the mean pore
size is probably the result of carbon which is etched via gaseous
CCl4 and may lead to a pore widening. For further confirmation it
Fig. 5. Etching rate of TiC at different temperatures (30 min, cCl2,0 = 0.45 mol/m3,
25% < X < 35%).

Fig. 6. Raman spectra of TiC-DC obtained at different temperatures.
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Table 3
Volume and area averaged mean pore size derived from N2-sorption measurement and NL-DFT calculations over the degree of conversion (30 min, cCl2,0 = 0.45 mol/m3,
25% < X < 35%).

T [◦C] 400 600 800 1000 1200
0.90 0.84 2.73 4.83
0.48 0.53 2.53 4.83
0.63 0.63 1.77 4.44

100.2 130.2 56.5 7.3
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Volume averaged mean pore size [nm] 2.20
Corrected volume averaged mean pore size of carbon [nm] 1.84
Area averaged mean pore size [nm] 1.09
Specific surface area [m2/g] 62.0

eak widths decrease. This indicates that the carbon becomes more
rdered at higher temperatures. This reordering could be responsi-
le for the creation of mesopores [33,34]. A similar increase of the
ean pore size for higher reaction temperatures was also reported

n literature [35–37].
A final conclusion about the origin of the uncommon depen-

ency of the total rate on the reaction temperature cannot be
iven in this work. Detailed studies about the product composi-
ion at reaction temperature could reveal information about the
eaction mechanism and probable changes. Also it needs to be clar-
fied if strong mass transfer limitations, which are not a function of
he conversion and growing nanoporous film, like dissolution and
iffusion of chlorine inside of the solid at the reaction front, are
resent.

.3. Influence of the chlorine concentration

The chlorine concentration was varied at a constant super-
cial velocity, reaction time and temperature in a range of
.22–6.6 mol/m3 (u = 0.015 m/s, t = 10 min or 30 min, T = 800 ◦C).
ig. 7 shows the plot of the total etching rate versus the chlorine
oncentration. For the first six data points with an initial chlorine
oncentration below 1.35 mol/m3 the conversion increases from
2% to 85%. The experiment with a concentration of 6.6 mol/m3

as performed with a reaction time of 10 min (instead of 30 min),
hich led to a conversion of 82%. Thus, the assumption of a constant

tching rate is still valid as shown in Fig. 1.
Before the reaction rate approach is derived, it has to be checked

f the change of the chlorine concentration within the tubular reac-
or can be neglected. Two moles of chlorine are consumed for each

ole of titaniumtetrachloride, and hence the chlorine concentra-
ion at the reactor outlet is given by:

cCl2,outlet = cCl2,0 · fCl2
1 − 0.5 · (1 − fCl2 )

with

fCl = ṅ0,Cl2 · t − nTi = ṅ0,Cl2 · t − (�m/MTi) (11)

2 ṅ0,Cl2 · t ṅ0,Cl2 · t

The concentration of chlorine at the reactor outlet and the
esulting depletion of the concentration along the crucible filled
ith carbide powder is given in Table 4. Due to slightly different

able 4
alculated concentrations of chlorine at the reactor outlet.

cCl2,0 [mol/m3] 0.22 0.36 0.45
XCl2 [%] 29.4 39.2 35.0
cCl2,outlet [mol/m3] 0.19 0.28 0.35
Depletion of cCl2 [%] 17.2 24.4 21.2

able 5
olume and area averaged mean pore size derived from N2-sorption measurement and NL
f TiC conversion (t = 30 min, T = 800 ◦C).

cCl2,0 [mol/m3] 0.22
X [%] 12
Volume averaged mean pore size [nm] 1.68
Corrected volume averaged mean pore size of carbon [nm] 0.76
Area averaged mean pore size [nm] 0.96
Fig. 7. Etching rate and fits for different chlorine concentrations (T = 800 ◦C,
t = 30 min, data at 6.6 mol/m3 for t = 10 min).

initial masses of carbide powder, the chlorine conversion varied
in a range 30–40%. Due to the change in volume the depletion of
the chlorine concentration is small and below 25%. Therefore, the
observed non-linear behavior of the reaction rate (Fig. 7) cannot be
attributed to the consumption of the reactant.

As gaseous chlorine reacts with solid titanium carbide, an
adsorption step of chlorine, consecutive reaction and desorption
step of TiCl4 could be thought of. Hence the number of adsorption
sides and equilibrium loadings can have an impact on the reaction
rate, like it is described commonly by the Langmuir–Hinshelwood
approach. Fig. 7 shows the good fit which can be achieved by this
assumption and resulting reaction rate approach:

0.151 (m3/mol) · 4.48 · 10−2 mol/(kg s) · cCl2
rtotal,LH =
1 + 0.151 (m3/mol) · cCl2

(12)

Alternatively, a simple power law approach can also be used
to describe the kinetics for chlorine concentration quite well
below 11.2 mol/m3 (pure chlorine at 1 bar and 800 ◦C). The reac-

0.54 0.90 1.35 6.62
39.3 38.9 33.7 30.6

0.41 0.68 1.07 5.43
24.5 24.1 20.2 18.0

-DFT calculations for different chlorine concentrations resulting in different degrees

0.36 0.45 0.54 0.90 1.35
27 35 40 65 85

0.96 0.79 0.89 0.68 0.66
0.58 0.66 0.67 0.56 0.61
0.67 0.62 0.65 0.58 0.58
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ion order is then 0.71, and the value of the rate constant
.3 × 10−3 mol0.29 m2.31/kg/s.

The influence of the chlorine concentration on the reaction rate
hows that the synthesis can only be accelerated to a small extent
y employing pure chlorine gas for the CDC-process. Thus the
hlorination with diluted chlorine gas can be economical advan-
ageous. Secondly, it can be observed that up to pure chlorine
tmosphere (11.2 mol/m3 at 800 ◦C) a power law approach is suf-
cient for the kinetic description. For this approach a description
f the diffusion and reaction steps in series is simpler than for the
angmuir–Hinshelwood approach. Experimental and mathemati-
al considerations about the influence of the growing nanoporous
arbon layer on the reaction rate will be published elsewhere.

The sorption analysis shows that the specific surface area
ncreases with increasing chlorine concentration, which can be
ttributed to the rise in conversion. The evolution of the mean pore
ize indicates that the pore size is not influenced by the chlorine
oncentration (Table 5).

. Conclusions

In this work a detailed kinetic study about the chlorination
f titanium carbide powder for the synthesis of carbide-derived
arbons is presented. No limitation by external or internal mass
ransfer was observed for the employed 3.5 �m powder.

The specific surface area increases non-linear with the degree
f conversion and is created mainly in the last 10%. Thus, an almost
omplete conversion is needed to obtain carbon with a high specific
urface area. The true density decreases linearly with increasing
onversion. Equations describing both values as a function of con-
ersion are given.

As described in the literature the reaction temperature has a
trong influence on the resulting pore size distribution and specific
urface area. Surprisingly, only a minor influence on the reac-
ion rate was observed. The rate follows a Langmuir–Hinshelwood
pproach, which can be simplified to a power law approach with
n order of 0.71 regarding chlorine. The chlorine concentration has
o influence on the mean pore size and specific surface area.
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