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a b s t r a c t

Activated carbons are efficient catalysts for tar cracking, suitable for hot cleaning of the syngas produced
during biomass- and waste-to-energy gasification processes. This study investigates the conversion of
naphthalene, utilised as reference for tar compounds, when catalysed by a coal-derived activated carbon.
The attention focuses on the influence of the operating temperature, in the range 750e900 �C, and the
size of selected activated carbon, which has been used under form of pellets, granules and powders. The
conversion efficiency improves when the temperature raised from 750 �C to 900 �C (from 79% to 99%, for
the pellets), and when the catalyst size reduced from pellets to powders (from 79% to 97%, at 750 �C). The
diffusional resistance in the catalyst particles has been then quantified in terms of Thiele modulus and
internal effectiveness factor. A gradual reduction of catalyst surface area has been also observed for
longer tests, due to the progressive deposition of soot from naphthalene decomposition over and inside
the porous structure of the activated carbon. The carbon content of these deposits has been quantified,
showing larger percentages on the surface of granules and powders.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The gasification of a solid fuel (such as biomass, waste or coal)
produces a syngas consisting of some major compounds (CO, H2,
CH4, CO2, H2O, and N2 when air is used as gasifying agent) and, to a
lesser extent, different inorganic and organic contaminants. This
fuel gas can be burned to produce electricity or further processed to
produce chemicals or second-generation fuels [1]. However, it
contains a not negligible amount of tar compounds, a mixture of
heavy hydrocarbons condensing at temperatures below 400 �C,
which strongly limits the number of its possible final applications.
Different approaches have been proposed in order to reduce tar
concentration [2,3]. The use of water or oil scrubbers for the
physical removal of tar can reduce the tar dew point below the
temperature necessary for its use in internal combustion engines
for power production [4]. However, if water is used in the scrubber,
this solution can appear just like a shifting of burdens, with eco-
nomic and environmental implications, since the chemical energy
contained in the tar is lost and the tar-contaminated liquid stream
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must be treated. When oil is utilised in the scrubber, the conve-
nience of the system is greatly related to the absence of oil mist in
the cleaned syngas and to the possibility to utilize the “tar con-
taining” oil as a fuel. Some advanced concepts, such as that of Olga
technology, have reached the commercial stage [5] but their
complexity and costs are too high to be suitable for small and
medium scale gasifiers [6]. The use of different kind of catalysts for
tar conversion appears an interesting alternative. The metallic-
based catalysts (such as those based on Ni, Rh, Pt, Ru) tend to
deactivate rapidly due to the presence of inorganic contaminants in
the raw syngas, such as hydrogen sulphide [7e9]. Several studies
highlighted the use of cheap and poisoning-resistant catalysts, such
as olivine and some activated carbons, as promising options for tar
removal from hot syngas [10e14].

It has been found that the catalytic activity of activated carbon
increases significantly at temperatures above 800 �C, allowing tar
conversions on its surface close to that obtained by using expensive
Ni-based catalysts [10,12]. It has been also showed that a bed of
activated carbon deactivates when it is exposed to a tar-loaded gas
[11,15,16], as a consequence of the coking over the surface.
Increasing the temperature and/or the steam or carbon dioxide
concentration above a certain level contributes to reduce or avoid
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

AK Activated carbon
CA Naphthalene concentration in the gas, mg/dm3

CAS Naphthalene concentration at the catalyst surface,
mg/dm3

Deff Effective diffusivity, m2/s
DK Knudsen diffusivity, m2/s
DK, eff Effective Knudsen diffusivity, m2/s
DM Naphthalene molecular diffusivity, m2/s
DM, eff Effective naphthalene molecular diffusivity, m2/s
dpore Pore diameter, nm
kc Mass transfer coefficient, m/s
kn Rate coefficient of a reaction of order, n s�1

k1 Rate coefficient of a reaction of order 1, s�1

L Particle size for cylinders and spheres according to
Levenspiel (1999), nm

Mi Molecular weight, kg/kmol

minlet Mass of naphthalene fed to the reactor, mg
moutlet Mass of naphthalene at the reactor outlet, mg
R Ideal gas constant, J/mol K
r’A Measured rate of reaction, kmol/kgAKs
RAK Radius of catalyst particle, nm
T Temperature, �C, K

Greek symbols
Н Internal effectiveness factor, -
hC10H8 Naphthalene conversion, %
ε Bed voidage, -
q Char particle internal porosity, -
rb Bulk density of catalyst bed, kg/m3

Τ Tortuosity factor, -
F Total pore volume, cm3/g
Fn Thiele modulus of a reaction of order n, -
F1 Thiele modulus of a reaction of order 1, -
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soot formation/deposition. If the rate of soot conversion by steam
gasification is higher than its deposition, the activated carbon ac-
tivity can be maintained over the time [11,16,17]. Moreover, it has
been highlighted that steam or CO2 activation can affect the char
structure, so further influencing the reforming of tar [12,18,19].
Some recent studies report that tar conversion depends on the
extension and nature of the surface available for tar cracking re-
action [15,20e22]. The high activity has been related for a larger
extent to the presence over the surface of oxygenated groups and
alkali and alkaline earth metallic (AAEM) species [15,19,20,23e27].

An activated carbon, or activated char, is defined as “a char,
which has been subjected to reaction with gases at high tempera-
ture, sometimes adding chemicals during or after carbonization in
order to increase its porosity” [28]. Therefore, its physical-chemical
properties mainly depend on the composition of the parent ma-
terial, type of activating agent and temperature of activation pro-
cess [29]. Steam activation produces chars with higher mesopore
volume, while carbon dioxide activation produces higher micro-
pore volume [17,29e31]. The concentration of catalytic elements
(mainly, K and Ca) on the activated carbon surface is also enhanced
by steam [12,18,19]. However, during tar conversion the original
characteristics of the char changes, togetherwith its activity [11,23].
This is due to the evolution of the pore size distribution and con-
centration of active groups on the surface, which also affect the
balance between the rate of carbon conversion and that of soot
deposition. All activated carbons contain micropores (having an
internal diameter below 2 nm), mesopores (internal diameter be-
tween 2 nm and 50 nm), and macropores within their structures
but the relative proportions vary considerably according to the raw
material and activation process. A tar molecule has to move from
the bulk gas to the catalyst external surface, and then diffuse into
the pores and react over the internal surface. The role of diffusion
resistance and pore mouth blocking of micropores during the
conversion of naphthalene has been recently highlighted by Nestler
et al. [32]. A deeper understanding of the conversion process over
activated carbons could help in the selection of the best experi-
mental conditions to minimize their deactivation and proper pre-
treatments to improve their physicochemical characteristics.

To this end, this study investigated the catalytic conversion of
naphthalene, used as tar model compound, over a coal-derived
activated carbon. The main innovative aspect of the study is that,
for the first time at authors’ knowledge, the possible effect of the
catalyst size on the naphthalene cracking has been investigated in
depth at different operating temperatures by using pellets, granules
and powders of the same activated carbon, all available on the
market and usually adopted in practical applications. This allows to
isolate the role of activated carbon size by those of other parame-
ters, such as the textural properties and porosity of the catalyst and
the concentration of inorganic elements over its external surface.

2. Materials and methods

2.1. Sample preparation and tar model compound

A market-available Chinese coal-derived activated carbon,
commercialised as NORIT RB4W, was selected among those avail-
able on themarket for utilisation at temperatures above 700 �C. It is
produced by pyrolysis of a Chinese coal and a further steam acti-
vation, and it is provided on the market as cylindrical pellets with
3mm of diameter and lengths between 5 and 7mm. These pellets
have been crushed and sieved in order to obtain two different size
ranges (0.8e1.2mm and 0.3e0.4mm) with the aim of investigating
the effect of catalyst size on the tar conversion. Tar is a complex
mixture of heavy hydrocarbons, and it is represented here by
naphthalene. This assumption is widely used in similar research
studies [33] since naphthalene represents the main andmost stable
component of tar mixtures obtained by gasification processes,
whatever the applied technology and the feedstock utilised [34,35].
The utilisation of a nitrogen stream as carrier gas was determined
by the necessity of isolating a specific effect (that of the catalyst
size) and avoiding any possible misleading side effects related to
other components of the syngas, such as for instance, steam, carbon
dioxide or dust.

2.2. Characterization of the tested activated carbons

The ultimate analyses of the activated carbon (AK) samples were
carried out by means of an elemental analyser CHN 2000 LECO,
according with the ASTM D5373 procedure. The ICP-MS analyses of
the samples were performed by means of an Agilent 7500CE in-
strument, according to US-EPA 3051 and 3052 methods. This in-
strument allows measurements with an error lower than 10%.

Table 1 reports the ultimate analysis of the AK, also including the
amounts of some specific inorganic elements (obtained as the
product of their mass fraction in the ash and the ash content of the
selected activated carbon) whose catalytic activity has been often



Table 1
Ultimate and inorganic fraction analyses of the selected activated carbon.

Ultimate Analysis (%db)
Carbon 78.61± 0.08
Hydrogen 0.69± 0.03
Nitrogen 0.37± 0.004
Oxygen (by diff.) 11.29
Ash 9.03± 0.12
Inorganic fraction analysis (mg/kgdb)
Na 57.2
K 58.2
Mg 89.2
Ca 330.8
Al 400.3
Fe 296.7
Si 625.5
Cu 0.8

Table 2
Porosimetric analysis and densities of AK pellets, granules and powder, after heating
up to 750 �C in a nitrogen atmosphere.

AK pellets AK granules AK powders

Particle size (mm) 4� 6 0.8e1.2 0.3e0.4
Porosimetric Analysis (m2/g)
Specific Surface Area 904 995 993
Micropore Area 747 663 663
Mesopore Area 157 332 330
Total pore volume (cm3/g) 0.43 0.50 0.52
Mean pore diameter (nm) 0.63 0.66 0.60
Bulk density (kg/m3) 464 478 489
Bed Voidage, ε 0.734 0.726 0.720
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recognized [13,15,19,20,26].
The materials tested have been further characterized by a series

of porosimetric analyses. All the samples of the AK carbon have
been preliminary kept in a nitrogen atmosphere at 750 �C for 5min.
This pre-treatment simulates the thermal history of the activated
carbons in the experiments described in the following, allowing a
more reliable analysis of their true characteristics at the beginning
of the tests. Nitrogen adsorption/desorption were performed by a
Quantachrome Autosorb 1-C analyser at 77 K, which is able to
guarantees values with a deviation standard lower than 1%.
Adsorption/desorption data were processed to evaluate the surface
area according to BET method, and the pore size distribution ac-
cording to Density Functional Theory (DFT) and Montecarlo simu-
lation method (DFT Kernel: N2 at 77 K on carbon, slit pore, the Non-
Local Density Functional Theory (NLDFT) equilibriummodel). These
methods are extensively utilised for characterization of micro and
mesoporous carbons [36]. Themeasurements have been performed
on all the catalyst samples of different sizes, reported as AK pellets,
AK granules and AK powder, respectively (Fig. 1).
Relative pr

0.0 0.2 0.4

Vo
lu
m
e,
[c
m

3 /g
]

0

100

200

300

400
AK pellets
AK powders
AK granules

Fig. 1. Isotherm curves of nitrogen adsorption (shaded
The obtained adsorption isotherms are all of Type I (b), based on
IUPAC Technical Report [37], which corresponds to materials hav-
ing pore size distributions including micropores larger than 1 nm
and also some narrow mesopores (<2.5 nm). The hysteresis loops
appear limited, suggesting a microporous nature of the used cata-
lysts. Table 2 reports the porosimetric analyses for the activated
carbon under form of pellets, granules, and powders, which all
support this conclusion. According with these data, the crushing
process necessary to prepare AK granules and powders from the
pellets does not significantly influence the internal structure of the
chars. The market available activated carbon, under its various
forms of pellets, granules and powder, always shows a high specific
surface area.

2.3. Experimental apparatus

Naphthalene conversion tests have been carried out in the
experimental apparatus sketched in Fig. 2, which shows its main
sections: feeding system, reactor, sampling/cleaning device and gas
analyser.

The feeding system consists of a rotameter for adjusting the
nitrogen flowrate and a naphthalene saturator to obtain the tar-
essure P/P0, [-]

0.6 0.8 1.0

symbols) and desorption (open symbols) at 77 K.
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Fig. 2. Sketch of the experimental apparatus used for the naphthalene conversion
tests.
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doped stream. The pipes between the saturator and the reactor
were kept above 150 �C to avoid naphthalene condensation. The
reactor used is a vertical tubular quartz reactor with an internal
diameter of 14mm and a total height of 600mm. The bed of acti-
vated carbons was placed above a glass frit inside the reactor,
located at 430mm from the top. The bed temperature was
measured in the centre of the bed by means of a K type thermo-
couple. The gas at the exit of the reactor was directed to the sam-
pling device during the tar samplings and to the cleaning device for
the rest of the time, by switching a three-ways valve. The sampling
device consists of three impingers, filled with isopropanol at 0 �C.
Dedicated experiments showed a capture efficiency of this device
above 99%, under the conditions analysed in this study. The gas at
the exit of the cleaning section was analysed by means of a micro-
GC with a thermal conductivity detector (TCD) for the online
determination of short chain hydrocarbons (from acetylene to
benzene) and molecular hydrogen. Further details on the experi-
mental apparatus can be found elsewhere [13].
2.4. Experimental conditions and procedure

Table 3 reports the experimental conditions of all the tests. Each
test has been repeated three times and carried out with an acti-
vated carbon bed height of 3 cm and an effective gas residence time
of 0.11 s. The latter has been calculated by dividing the bed height to
the effective gas velocity (i.e. the superficial gas velocity divided by
the bed voidage reported in Table 2) at the operating temperature.
There is a very limited difference between these residence times
(0.107 se0.110 s, depending on the size of the AK and the nitrogen
flowrate) that does not affect the obtained conversion efficiencies.

The first set of experiences (set #1) investigated the initial
conversion of naphthalene. The reactor, with the char bed inside,
was heated at the desired temperature in an atmosphere of pure
nitrogen. The investigated temperature range of 750e900 �C has
been defined by taking into account the syngas temperature at the
exit of fluidized bed gasifiers operated at different high equivalence
ratios and/or with biomass or waste of different low heating value
[38]. When system reached the desired temperature, the nitrogen
flow was sent to the naphthalene saturator to obtain a gas stream
Table 3
Experimental conditions tested.

Experimental set # 1 # 2

Activated carbon Pellets, Granules and Powders
Nitrogen flowrate, NL/min 0.49 0.47 0.43 0.49
Temperature, �C 750 800 900 750
Total time test, min 7 7 7 >200
with a naphthalene concentration of 22.5 mg/NL. After 5min of
reaction and gas composition stabilization, the gas was sampled for
2min. The reactor was then purged, and cooled down with pure
nitrogen. The effect of the temperature on the thermal decompo-
sition of naphthalene was evaluated by using inert particles (silica
sand) instead of activated carbons in the reactor. The reactor tem-
perature was increased from 400 �C to 900 �C with the aim of
evaluating the impact of the bed temperature on the tar conversion.
As expected [32,39,40], the thermal conversion of naphthalene
resulted negligible under all the conditions tested, highlighting its
high thermal stability, even at the highest temperature. A series of
preliminary tests also showed that the selected AK has a cracking
efficiency higher than those of natural and synthetic catalysts of the
same size sometime used in hot syngas cleaning devices, such as
olivine, alumina, calcined dolomite [2,10,33,41]. In particular, at
750 �C the powders of the selected AK provide a naphthalene
conversion efficiency of 97.1%, i.e. 23% higher than that of calcined
dolomite (which has an efficiency of 73.6%), 31% than that of
alumina (66.2%), and 23% than that of olivine (64.1%), respectively.

The second kind of experiences (set #2) investigated the evo-
lution with time of the naphthalene conversion for the different
catalysts tested. The test durations ranged from 5 to 213min while
the temperature was maintained at 750 �C. Gas samples were taken
during the tests to measure the naphthalene concentration in the
exit gas at different times.
2.5. Data analysis

The determination of the naphthalene concentration in the
isopropanol samples was performed by means of a gas chromato-
graph coupled with mass spectrometer (GC-MS Agilent HP6890/
HP5975, equipped with a capillary column DB-5MS,
60 m� 0.25 mm ID). The naphthalene conversion was estimated
as:

hC10H8 ¼ minlet �moutlet
minlet

(1)

where minlet is the mass of naphthalene fed to the reactor and
moutlet is themass of naphthalene recovered in the impinger bottles
at different sampling times. A tar molecule (that here is assumed to
be a naphthalene molecule) has to move from the gas phase to the
external surface of the activated carbon particle and then diffuse
into the pores to be catalytically converted over the internal sur-
face. The Thiele modulus has been then calculated to investigate
the effect of catalyst particle size on the naphthalene conversion
rate. It represents the ratio of the intrinsic rate of chemical reaction
to the rate of diffusion through the particle [42,43]:

F2
n ¼

knR2AKC
n�1
As

De
(2)

where k is the rate coefficient of the reaction of order n calculated
as in a previous study [13], RAK is the catalyst particle radius, CAs is
the reactant concentration at the catalyst surface and De is the
effective diffusivity. It can be assumed that the bulk reactant con-
centration, CA (mol/dm3), is equal to CAs. This assumption has been
validated by theMears’ Criterion for external diffusion [43]: there is
no film diffusion resistance when:

�r’ArbRAKn
kcCA

<0:15 (3)

where r’A is the measured rate of reaction (kmol/kgAK s), rb is the
bulk density of catalyst bed (kg/m3), and kc is the mass transfer



0%

20%

40%

60%

80%

100%

750°C 800°C 900°C

Co
nv

er
sio

n
Ef

fic
ie

nc
y,

%

AKpellets AKgranules AKpowders

Fig. 3. Naphthalene conversion obtained with AK pellets, granules and powders at
750 �C, 800 �C, 900 �C, reported as percentage and with the indication of the standard
deviation.

F. Parrillo et al. / Energy 190 (2020) 116385 5
coefficient (m/s). The obtained values range from 0.0062 for AK
powders at 750 �C to 0.034 for AK pellets at 900 �C, and then it is
reasonable to assume that no concentration gradients exist be-
tween the bulk gas and external surface of the catalyst material
(CA¼ CAs). Therefore, assuming a reaction of the first order with
respect to the naphthalene concentration at high temperatures
[13,15], the Thiele modulus can be simplified as:

F1 ¼ L

ffiffiffiffiffiffiffiffi
k1
Deff

s
(4)

where L¼ RAK/2 for cylindrical particle, such as the utilised pellets,
and L¼ RAK/3 for spherical particles, such as the utilised granules
and powders can be assumed to be [44]. The effective diffusivity
takes into account that the pores in the pellet are not straight and
cylindrical but a series of a tortuous and interconnected paths with
pore throats varying cross-sectional areas. Characteristic values of
Deff for gases and liquids in porous solids can be calculated by the
following equation [45,46]:

1
Deff

¼ 1
DK; eff

þ 1
DM; eff

(5)

where DK is the effective Knudsen diffusivity and DM is the naph-
thalene effective molecular diffusivity [44], which has been esti-
mated as [45,46]:

DM; eff ¼DM
q

t
(6)

where DM is the naphthalene molecular diffusivity, q is the char
particle internal porosity and t is the tortuosity factor (assumed
equal to 4 based on the study of Leyva-Ramos [47]). The effective
Knudsen diffusivity has been calculated by using the following
equation:

DK; eff ¼
 
dpore
3

ffiffiffiffiffiffiffiffiffi
8RT
pMi

s !
q

t
(7)

where dpore is the average pore diameter (nm), R is the gas constant
(8.314 J/mol K), T is the temperature (K), Mi the molecular weight
(kg/mol).

Finally, the measure of “how much the reaction rate is lowered
because of the resistance to pore diffusion” is given by the effec-
tiveness factor. It is defined as the ratio between the “actual mean
reaction rate within the pore” and the same “rate if not slowed by
pore diffusion”, i.e. the rate that would result if the interior surface
was exposed to the external pellet surface conditions [44]. It has
been then calculated as a function of the Thiele modulus, by the
equation:

h¼ 3

F2
1

ðF1cothF1 �1Þ (8)

3. Results and discussion

The influence of particle size during naphthalene conversion
over AK has been investigated by using three different sizes of the
activated carbon, at temperatures between 750 �C and 900 �C, and
with a gas residence time of the tar-loaded gas in the char bed of
0.11s. The histograms of Fig. 3 describe the initial conversion of
naphthalene. At 750 �C and 800 �C there is a clear influence of the
size of the activated carbon on the conversion of naphthalene: the
finer material improves the naphthalene conversion efficiency,
which increases from 79% for pellets to 97% for powders, at 750 �C,
and from 81% for pellets to 100% for powders, at 800 �C.

This result is further supported by the initial higher increase of
hydrogen generation at 750 �C, which is related to the higher tar
conversion (Fig. 4).

Fig. 5 reports the time evolution of the naphthalene conversion
at 750 �C for the three particle sizes during the tests, showing the
continuous reduction of the conversion efficiency related to the
progressive decrease of available surface area. The results, reported
with error bars indicating the standard deviation, suggest a rather
similar behaviour of AK granules and powders while the AK pellets
always show lower conversion efficiencies, for 10% or more. This
indicates that smaller particles imply a reduced diffusional
resistance.

The experimental activity also determined the evolution of bed
material weight AK pellets, granules and powders at 750 �C (Fig. 6),
by performing ultimate analyses of fresh and gradually exhausted
samples. The cumulative amount of carbon deposit was slightly
higher for AK granules and AK powders, suggesting an easier
contact between the naphthalene molecule and the catalytic ele-
ments of the inorganic fraction, such as iron and the AAEMs. The
measured increase of carbon contents in the char, also reported in
Fig. 6, from about 79% to about 84%, confirms the production and
deposition of soot, according to the carbonization reaction: C10H8
/ 10 C þ 4H2.

This aspect can be further investigated by means of a scanning
electron microscopy, by analysing images of the materials at the
beginning and the end of each test, as obtained by means of a FEI
Inspect™ S50 SEM (Fig. 7), and focusing the attention on the pore
size [48]. Large part of the numerous pores of the fresh material
(top of Fig. 7) is no longer present after the test (bottom of Fig. 7).
The carbon deposits from naphthalene carbonization are largely
present on the AK surface at the end of the test, under form of small
grains, generally concentrated around specific areas of the surface,
probably corresponding to active sites. Similar carbon grains and
filament have been already observed over activated carbons from
coals or coconut shells, and also in these cases their formation was
related to the catalytic activity of iron and alkali species [49]. In the
SEM image of the AK pellet, it is also possible to individuate a deep
fracture, which could be a consequence of thermal stresses.

Observations reported above are further supported by the
evolution of pore distribution in AK pellets, granules, and powders,
as obtained by collecting the bed material at different times, under
the experimental conditions of test at 750 �C (Table 4). As expected,
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Fig. 7. SEM images of AK pellets, AK granules and AK powders, before the tests (top)
and after the tests (bottom) of naphthalene conversion at 750 �C.
Magnification¼ 3000�.

Table 4
The evolution of pore distribution for AK pellets, granules, and powders at 750 �C.

Time,
min

Specific Surface
Area, m2/g

Micropore
Area, m2/g

Mesopore
Area, m2/g

AK pellets 0 904 747 157
72 395 273 122
113 377 287 90
200 75 34 41

AK granules 0 995 663 332
63 560 378 378
72 320 199 121
125 233 83 150
213 157 74 83

AK powders 0 993 663 330
59 523 350 173
64 430 253 177
177 71 22 49

Table 6
Thiele modulus and internal effectiveness factor for AK pellets, AK granules and AK
powders at 750 �C, 800 �C and 900 �C.

T, �C AK 41 h

750 Pellets 9.17 0.292
Granules 1.93 0.816
Powders 0.80 0.960

800 Pellets 9.41 0.285
Granules 2.61 0.721
Powders 0.90 0.949

900 Pellets 16.1 0.175
Granules 2.54 0.731
Powders 0.88 0.951
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a progressive reduction of the total surface area and that of both
mesopores and micropores, can be observed also in this case, in
agreement with the progressive deposition of soot suggested by
Figs. 6 and 7.

The conversion efficiencies data were finally processed to esti-
mate the Thiele modulus and the internal effectiveness factor. The
above described methodology was applied under the assumption
of steady state conditions, which essentially means that the time
for char deactivation is much higher than the naphthalene con-
version, so that the initial conversion can be assumed as constant
over time. Table 5 reports the diffusion characteristics together
with the rate coefficient at three different temperatures.

As expected from the experimental results, the rate coefficient is
lower for pellets at 750 �C and 800 �C, and increases with
Table 5
DM eff, DK eff, De and rate coefficient for AK pellets, AK granules and AK powders at
750 �C, 800 �C and 900 �C.

T, �C AK DM eff *107, m2/s DK eff *108, m2/s Deff *108, m2/s k, s�1

750 Pellets 2.16 1.63 1.51 14.08
Granules 2.52 1.98 1.84 22.65
Powders 2.62 2.06 1.91 32.54

800 Pellets 2.16 1.66 1.55 15.17
Granules 2.52 2.03 1.88 42.30
Powders 2.62 2.11 1.95 42.30

900 Pellets 2.16 1.74 1.61 46.23
Granules 2.52 2.12 1.96 41.77
Powders 2.62 2.21 2.03 42.31
increasing temperature, reaching a maximum, which is rather
comparable for AK pellets, granules and powders, at 900 �C. The
effect of catalyst size appears clear by the values of the effective
diffusivity, Deff. These data have been then utilised to obtain the
Thiele modulus and the internal effectiveness factor, reported in
Table 6.

When the particle diameter reduces from3mmof the AK pellets
to 0.35mm of AK powders, the Thiele modulus, 41, decreases from
9.17 to 0.80 at 750 �C and the effectiveness factor, h, approaches 1
(assuming the absence of a temperature gradient inside the parti-
cle). This confirms that the reaction is limited by the pore diffusion
resistance for catalyst pellets. On the contrary, the small value of
the Thiele modulus for AK powders suggests that the reactant is
able to spread throughout the catalyst particle. This allows the
powders to utilize all the available porous volume ensuring higher
conversion efficiencies with respect to the AK pellets. It is also
known that fine solids are free (or rather free) of diffusional effect
but may create problems in their utilisation due to the potential
high pressure drop. It is desirable to have the largest particle size
that is still free of pore diffusion resistance, with a Thiele modulus
of about 0.4 [44]. Then, the utilised catalyst powders could be
rather close to the optimum size.

Finally, the results also show that the pore diffusion resistance
increases with the temperature increase, but the effect is negligible
for AK powders, and rather limited for AK granules. It cannot be
observed in terms of conversion efficiencies because in the re-
ported tests the complete conversion of naphthalene was already
achieved at 900 �C.

4. Conclusions

The study investigated the conversion of naphthalene when it is
catalysed by a coal-derived activated carbons available on the
market, in a fixed bed configuration. The attention focused on the
influence that the activate carbon size and the reactor temperature
may have on the cracking efficiency. The internal structure of the
tested activated carbons (pore size distribution and total surface
area) has been measured before and after each test.

An increase in the reactor temperature and a decrease in the size
of the activated carbon lead always to an increase in the naphtha-
lene conversion. At 750 �C, its cracking efficiency increases from
79% to 97% when the particle size reduced from pellets (3mm of
diameter and lengths between 5 and 7mm) to powders
(0.3e0.4mm). These efficiencies indicate a higher pore diffusion
resistance of char pellets (with a Thiele modulus of 9.17 and an
internal effectiveness factor of 0.292) while the char powders (with
a Thiele modulus of 0.80 and an internal effectiveness factor of
0.960) are able to utilize all the available porous volume. In a
practical application, the high pressure drop related to the uti-
lisation of catalyst powders should be taken into account. The ob-
tained results indicate that the analysed catalyst powders (having a
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diameter in the range 0.3e0.4mm) have a limited pore diffusion
resistance without leading to high pressure drops.

The data obtained after 5-min test have been confirmed in the
long tests. Anyway, when the experimental conditions were
maintained up to 200min, a further phenomenon influences the
conversion mechanism. There is a gradual reduction of the surface
area as a consequence of the progressive deposition of soot, coming
from the catalytic cracking of naphthalene, over the porous struc-
ture of the char. The carbon content of these deposits has been
quantified, showing higher percentages on the surface of granules
and powders.

The practical implication of the observed gradual reduction of
the surface area is that the bed of catalyst has to be periodically
removed and substituted with a bed of fresh activated carbons.
Future work will aim at avoiding this necessity, by investigating the
mechanism (and identifying the operating conditions) by which
steam or carbon dioxide may be able to continuously remove car-
bon deposits from the catalyst surface.
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