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ON THE CORRELATION BETWEEN CHARACTERISTICS
OF CATALYST PARTICLES AND CHANGES IN POROUS
STRUCTURE OF ACTIVATED CARBON
IN IRON-CATALYZED CARBON HYDROGENATION REACTION
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Chuiko Institute of Surface Chemistry of National Academy of Sciences of Ukraine
17 General Naumov Str., Kyiv, 03164, Ukraine

The sizes and composition of iron-containing particles formed in pores of activated carbon during heat
treatment in flowing hydrogen have been studied by Mossbauer spectroscopy. The changes in porous structure
of activated carbon due to iron-catalyzed carbon hydrogenation were investigated by means of adsorption
method. With the same percentages of burn-off, the sizes of pores formed in the adsorbent during activation
have been found to increase for the sample with higher iron loading and larger catalyst particles.

INTRODUCTION

Presence of well-developed mesopores in
porous texture of carbon adsorbents may be
desirable in various fields of carbon applications
and activation of carbon materials in catalytic
processes appears to be a simple way to develop
carbons mesoporosity [1]. Gasification of carbon
by using a catalyst also seems to give an
opportunity to effect the changes in porous
texture of carbon adsorbents during activation. In
our previous studies [2, 3] on activated carbons
containing 10-20 wt.% of iron and hydrogenated
at temperature in excess of 500 °C we have
found that, under the same treatment conditions,
sizes of mesopores generated depended on iron
loading and could be affected by low
temperature samples pretreatment leading to
changes in particles size prior to carbon
gasification initiation. The present
communication contains some additional data
supporting the idea of the correlation between
characteristics of catalyst particles and changes
in porous structure of activated carbons in the
course of iron-catalyzed carbon hydrogenation.

EXPERIMENTAL

Spherically granulated synthetic activated
carbon (AC) from a copolymer of styrene and
divinylbenzene [4], with a particle size of 0.4—
0.6 mm, was used as a starting material for
investigation. S1 and S2 samples with iron
loading of Cr. =5 and 2 wt. % were prepared by

* corresponding author okstavinskaya@yahoo.com

62

impregnation of starting carbon with aqueous
solutions of iron(Ill) nitrate of different
concentration. After drying in air at room
temperature both the samples were heated for
90 min in flowing hydrogen at the pressure of
1 atm and at the temperature of 350 °C, which is
less than carbon ignition temperature, and then
hydrogenated at 550 and 700 °C.

The study of iron-containing particles was
carried out by means of Mossbauer
spectroscopy. The Mossbauer spectra were
obtained at 80 K with a conventional constant-
acceleration spectrometer and °’Co in chromium
matrix used as a source. Isomer shifts are
presented relative to a metallic iron. The spectra
were fitted wusing the approximation of
Lorentzian line shape.

The parameters of porous structure for
starting and iron-containing carbons were found
from the benzene adsorption isotherms, the total
pore volume Vs of the samples was determined
by means of their impregnation with acetone.
Volume of micropores V,, and mesopores Vi
and surface area of mesopores S;. were
calculated according to the theory of volume
filling of micropores for the case of
micromesoporous adsorbents [5]; the Broekhoff—
de Boer-Dubinin method [6] was used to
determine the pore size distribution over radius.
Referring the pores to micro- and mesopores was
made in accordance with Dubinin’s classification
of micro- and mesopores (pores with radii
r<15-1.6nm and 1.5-1.6 <r<100-200 nm,
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respectively) [5]. The parameters of porous
structure for starting and iron-containing carbons
are given per 1 cm’ of the samples.

RESULTS AND DISCUSSION

Figure 1 shows the Mossbauer spectra of Sl
sample treated in hydrogen at 350-700 °C; spectra
of S2 samples were similar to those of S1 ones and
differed from them only by contribution of various
signals to the overall spectra. Time of heat treatment
at each temperature is 90 min. The following
components can be distinguished in the spectra: a
doublet with an isomer shift of 6= 0.360.05 mm/s
and quadrupole splitting of AE = 0.83-0.93 mnv/s
(spectra /-3); an intensive singlet with isomer shift
of ¢=-0.120.05mm/s and linewidth of
'=0.29+0.05 mm/s (spectrum 3 of the sample
treated at 700 °C); a sharp sextet [ with hyperfine
parameter Hegr= 340 kOe (spectra 2, 3) and a broad
sextet I with Her up to 490 kOe (spectra /-3). In
accordance to numerous Mossbauer studies on iron-
containing particles of various sizes and structure,
the subspectra mentioned above can be assigned,
respectively, to small iron oxide particles with
diameter d<3-5nm [7-9], to non-magnetic
austenite structure, to metallic iron with particle size
of d>10-12 nm and to superparamagnetic at 80 K iron
oxides having the diameter 3-5nm<d<10-13 nm
[10-14].
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Fig. 1. Mossbauer spectra (80 K) of S1 sample after
heat treatment in hydrogen at 350 (1), 550 (2)
and 700 °C (3). V — velocity, mm/s; / — relative

transmission
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Table 1 gives the fitting parameters for the
spectra /-3 with the assymetric lines of sextet II in
the spectra 2—3 being simulated as superposition of
two sextets (sextet II.1 and sextet 11.2) having
Lorentzian line shape. Table 2 gives the relative
areas of the subspectra for all the spectra measured
with the data being presented in terms of iron
distribution between the particles of different sizes
and composition. Percentages of iron atoms in the
smallest oxide particles (d <3-5nm) in austenite
structure and in metallic iron were determined,
respectively, as the partial area of doublet, singlet
and sextet with H.;=340kOe. The difference
between the area of the overall spectra and the
partial areas of doublet, singlet, and sextet I was
attributed to oxide particles with 3-5nm<d <
10-13 nm.

It can be seen from Table 2 that increase in
iron loading leads to increase in particles sizes
and in amount of metallic iron, which is a
catalyst for carbon hydrogenation reaction [15].
It should be noted, however, that high content
of iron oxides in S1 and S2 samples after
reduction at 550—700 °C appears to be a result
of an oxidation of small iron particles after
exposing to air and that in the reducing
atmosphere the majority of these particles has
to be in a form of metallic iron too. The
supports for this conclusion are the known
property of iron particles with d < 10 nm to be
converted into iron oxides by exposing to air,
small sizes of oxide particles formed in S1 and
S2 samples and our previous data [16—18] on
the kinetics of iron oxides reduction in the same
activated carbon.

Table 3 gives the total pore volume, those of
micro- and mesopores and the surface area of
mesopores for starting and hydrogenated carbons,
Fig. 2 shows mesopore size distribution curves.
As can be seen from Table 3, a rapid activation of
iron-containing samples takes place during
hydrogen treatment at 550-700 °C. Increase in
volume of sorption pores mainly occurs due to
mesopores development: the V., Sp. values for
activated samples are enhanced by a factor of up
to 2 compared to the starting carbon. Formation of
mesopores with radii 7 < 10-11 nm prevails at the
initial stages of the samples treatment (Fig.2)
while a growth of larger mesopores a gradual
disappearance of micropores and a partial
conversion of mesopores into macropores occurs
with the proceeding of activation (Fig. 2, Table 3).
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Table 1. Mossbauer parameters of the spectra (T = 80 K) shown in Figure 1

) AE, Hys r Relative area
Spectrum Subspectra Q
(£0.05 mm/s) (£0.05 mm/s) (3 kOe)  (£0.05 mm/s) (*3 %)

1 doublet 0.36 0.83 - 0.63 59
sextet II 0.36 0.04 455 1.89 41

2 doublet 0.36 0.93 - 0.78 29
sextet | 0.00 0.01 340 0.38 20

sextet II.1 0.33 0.06 490 0.68 21

sextet 11.2 0.33 0.14 438 1.58 30

3 doublet 0.36 0.90 - 0.76 3
singlet -0.10 - - 0.29 8

sextet I 0.00 0.00 338 0.23 18

sextet II.1 0.47 0.29 483 1.46 28

sextet 11.2 0.10 0.45 309 2.44 43

Table 2. Distribution of iron atoms in iron-containing particles of various size and composition for S1, S2 samples

treated in hydrogen at 350-700 °C

Final heat Percentage of iron atoms in:
Sample treatment, iron oxides particles, iron oxides particles, metallic iron, austenite
90 min d<3-5nm 35<d<10-13nm d>10-12 nm
S1 350 °C 59 41 —
550 °C 29 51 20 -
700 °C 3 71 18 8
S2 350 °C 64 36 - -
550 °C 41 54 5 -
700 °C 6 83 6 5
Table 3. Some characteristics of porous texture for starting and activated carbons
Sample Final heat Burn-off, 13/2, \ V;mi, \ V;me, \ Sz' mes
treatment % cm’/cm cm’/cm cm’/cm m“/cm
AC - 0 0.37 0.10 0.09 35
S1 550 °C, 40 min 31 0.41 0.08 0.14 53
550 °C, 90 min 55 0.47 0.05 0.15 47
700 °C, 90 min 72 0.50 0.02 0.13 38
S2 550 °C, 90 min 32 0.41 0.10 0.13 55
550 °C, 90 min 56 0.48 0.08 0.15 65
700 °C, 90 min 72 0.50 0.02 0.18 70

The data on activation of the S1, S2 samples
treated under the same conditions do not reveal a
simple relationship between catalyst loading and
the percentage of carbon burn-off (Table 3) that
appears to be due to the number and complexity
of the factors which influence the rate of
catalyzed reaction of carbon gasification. At the
same time, there is a qualitative correlation
between characteristics of catalyst particles and
variation in the porous texture of activated
samples, namely: in the S2 sample having lower
iron content and smaller particles, narrower
pores are formed and vice versa. Really, S1 and
S2 samples hydrogenated under the same
conditions are characterized by practically the
same percentages of burn-off (Table 3) and the
total pore volume, while at all stages of
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activation, S1 samples differ from S2 ones by
smaller volume of pores with » <811 nm and
by greater amount of the broader pores (Fig. 3).
With the highest degrees of burn-off (72 %), S2
sample retains well enhanced amount of
mesopores compared to the starting carbon,
whereas in the case of S1 samples the majority
of these pores appears to be converted into
macropores (Table 3, Fig. 2 ¢).

The distinctions in porous texture of S1 and
S2 carbon activated under the same conditions to
the similar percentages of burn-off can be
explained as follows. According to [15],
gasification of carbon in catalytic process occurs
in the immediate vicinity of catalyst particles,
giving rise to the development of pores where
the particles are located. Gasification of carbon
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with metallic catalyst can be also accompanied
by channeling or pitting the carbon substrate
[15,19], with the sizes of the voids being
dependent on the sizes of the catalyst particles.

dv/dr<10-*

9. {
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Fig. 2. Mesopore size distribution curves for S1 (/)
and S2 (2) samples activated to 31-32 (a),
55-56 (b) and 72 (c) percentages of burn-off.
Curve 3 gives mesopore size distribution for

starting AC [dV/dr] = cm?/em’, [r] =nm

Thus, both dispersity of catalyst particles and
their distribution in carbon pores must influence
the changes in porous texture of activated carbon
during hydrogenation. Increase in iron loading
leads to an increase in the size and the number of
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iron particles that, in turn, may result in increase in
the diameter of the voids and in probability for
them to coalescence. Another important moment is
that enhancement of iron content leads to an
increase in amount of catalyst in broad pores. As
the rate of reactions in porous solids may depend
on sizes of pores and decreases with the pore
diameter, the catalyst particles located in wider
pores have to play a more important role in carbon
gasification. Therefore, a general increase in iron
content must result in development of wide pores
rather than in growth of narrow ones.
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B3aeMo03B'f130K Mizk XapaKTepHCTHKAMHU YaCTHHOK KaTajizaTopa
TA 3MiHOIO MIOPHUCTOI CTPYKTYPH AKTHBHOI0 BYTJLIIA
B KaTaJjii30BaHii 3aJ1i30M peakuii rigporedizauii ByrJjeunto

O.M. CtaBHHCBLKA

Incmumym ximii nogepxui im. O.0. Yyiika Hayionanvhoi akademii nayk Ykpainu
syn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, okstavinskaya@yahoo.com

Memooom meccobayepiécokoi cnekKmpocKkonii 8UBYeHO CKAAO i pO3MIPU 3AI308MICHUX YACMUHOK, WO
Gdopmyromscs 6 nopax aKmueHO2o Y2 npu mepmoobpodbyi 6 ammocghepi 600uw. Adcopbyitinum
MeMOOOM O0CTIONCEHO 3MIHY NOPUCHOT CIMPYKMYpU BYeilisi 6HACAIOOK KAHANIZ308AHOL 3ani30M peakyii
2iopoeenizayii gyeneyio. 3natioeno, wo npu 0OHAKOBUX 3HAYEHHAX 002apy po3MIpu Nop, wo GopMyIomscs
6 adcopbenmi npu axKmueyeauHi, 30LIbWYIOMbCA Y 3pA3KaA 3 OLIbWUM 8MICTIOM 3ani3a i 3 OLibuuMuU
PO3MIpAMU YACMUHOK KAmMaaisamopa.

B3anMocBs3b MeKIY XapaKTePUCTHKAMH YaCTHI[ KATAIN3aTOpa
U U3MeHeHHeM MOPHUCTOM CTPYKTYPbI AKTUBHOTO YIJIsl
B KaTAJIM3UPYeEMOii JKeJie30M peaKkuu FHAPOoreHn3annu yriepoaa

O.H. CtaBuHCcKas

Hnemumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvhoi akademuu Hayk YkpauHol
ya. I'enepana Haymosa, 17, Kues, 03164, Yxpauna, okstavinskaya@yahoo.com

Memoodom meccbaysposckoli CneKmpoCKOnUuU U3yyeHvl COCMA8 U pPAMEPbL HCEAE30CO0EPHCAUUX
yacmuy, 00pa3ylOWUXcs 6 NOPAxX AKMUGHO20 Ylis 8 npoyecce Mepmooopadbomxu ¢ ammocgepe 6000pooa.
AO0CcopOYUOHHBIM MEMOOOM U3YHUEHO UBMEHEHUe NOPUCHIOLU CMPYKIMYpPbl aKMUBHO20 Vel 8 pe3yibmame
Kamanusupyemou cene3om peakyuu euopozeHusayuu yenepooa. O6HapysiceHo, ymo npu 0OUHAKOBbIX
3HAuenusx obeapa pasmepuvl nop, oOPA3VIOWUXCA 8 adcopbenme NPU aAKMUSUPOBAHUU, VEEIULUBATOMCSL
071 06pasya ¢ 6oIbUUM COOEPAHCAHUEM Jicene3d U ¢ DONLUUMU PAZMEPAMU YACTIUY KAMAIUAMOPA.
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