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Abstract

This work analyses the catalytic activity of metal oxides impregnated on activated carbons to be used for the complete oxidation of benzene
present in atmospheric emissions. When the impregnation step is performed befoaet®&tion, the knowledge about catalytic activity
is as yet quite scarce, being the main objective of the study here reported. Pinewood sawdust and nutshells were recycled to produce the
activated carbons. Non-expensive metal oxides (CoQPgand CrQ) were impregnated. When the impregnation was performed before
CO, activation instead of after activation, at 523 K the kinetic constants were 3.6—4.3 times higher for sawdust carbons, and 2.1-2.7 times
higher for nutshell carbons, due to a better metal oxide dispersion on higher mesopore areas and on wider microporg®,\&ic&talyst,
a benzene conversion of 90% was reached at a lower temperature than witfdZ2Gand 558 K, respectively). The carbons impregnated
before CQ activation allowed very good conversions at temperatures that guarantee carbon stability (lower than 575 K). The results obtained
led to the conclusion that activated carbon is a suitable support for metal oxide catalyst aiming the complete oxidation of benzene, mainly if
an adequately porous texture is induced, proceeding to the impregnation befpeet®@@tion.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the most common being thermal incineration and catalytic
oxidation[1,2]. Thermal incineration is an expensive pro-
Air quality is strongly affected by the emission of pollu- cessbecause it needs a high temperature process, usually only
tants associated with industrial processes and transport acmaintained with the help of supplementary f{&l Catalytic
tivities. The emissions of volatile organic compounds (VOC) oxidation is processed at much lower temperatures, allow-
have an important role on air quality degradation, either ing a reduction of fuel consumption, especially when large
through direct impacts, or as precursors of photochemical volumes of gaseous emissions containing low VOC concen-
pollutants. Benzene is one of the VOC of major concern due trations have to be treated. In addition, the range of oper-
to the dangerous impacts on human health; its carcinogenication temperatures, utilized for catalytic oxidation, avoids
effects have required very restrictive legislation worldwide to the emission of some pollutants such as dioxins and nitro-
reduce concentrations, both in the atmosphere and in emis-gen oxides which are usually present as unwanted products
sions. Many different methods have been developed to reduceof chemical reactions associated with thermal incineration
or even destroy the VOC present on atmospheric emissions[4]. Therefore, catalytic oxidation is a promising process to
reduce VOC emission, aiming to obey the increasingly re-
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benzene complete oxidation using Ayg®5/TiO2 and Au-

Nomenclature V20s/ZrO5 as catalysts, showing that the oxidation efficiency
strongly depends on the oxidizing ag€li]. Less expensive

AR reactant peak area in chromatogram with  catalysts have also been tested. Kim investigated the com-
chemical reaction plete oxidation of benzene, toluene, and xylene, using metal

Ag reactant peak area in chromatogram without  catalysts (Cu, Mn, Fe, V, Mo, Co, Niand Zn) supported on dif-
chemical reaction ferent materials{-Al,03, TiO2 and SiQ), concluding that

d crystal size copper supported op-Al 203 had the best catalytic activity,

E activation energy due to better dispersion of active sites on the supfigrt

AH differential molar heat of adsorption Vass and Georgescu also studied the complete oxidation of

Kap apparent rate constant benzene using mixtures of metal oxides (Cu—Cr and Co—Cr)

kg velocity constant in gaseous phase as catalysts, supported grAl,O3 and ony-Al,03 + SiO;,

ks velocity constant in solid phases {9 concluding that copper—chromium had higher activity than

K adsorption equilibrium constant cobalt—-chromium, the catalysts supportedyefil ;03 being

m weight of solid phase more active than the ones supportedyefil 03 + SiO; [11].

Sser  total specific surface area of the carbons (BET The utilization of activated carbons as catalyst supports,
method) for the treatment of gaseous effluents contaminated with

S non-microporous specific surface area assogi- VOC, enables advantage to be taken of both the enhanced re-
ated with mesopores (t-method) tention of pollutants adsorbed in the well-developed porous

tg residence time in gaseous phase texture of activated carbons, and the possibility of complete

ts residence time in solid phase oxidation at lower temperatures due to the presence of the

U carrier gas flow rate catalyst. Wu et al. prepared platinum catalysts supported on

Ve mesopore volume activated carbon to be used for the complete oxidation of

Vi micropore volume benzene, toluene, and xylene, showing that very good con-

VOC volatile organic compounds versions can be reached at temperatures lower than 473K

XCAI carbon series obtained with the following step ~ [3].
sequence: carbonization, activation and im- The knowledge concerning the performance of less expen-
pregnation sive catalysts supported on activated carbons is as yet scarce.

XCIA  carbon series obtained with the following step ~ Aiming to guarantee the conversion of pollutant at tempera-
sequence: carbonization, impregnation and ac-  tures low enough to avoid significant loss of the carbon by
tivation gasification, very high catalytic activities at low temperatures

XRr reactant conversion are required. For that, a good dispersion of active sites on the

W, weight of reactant entering the column porous texture of the carbons is absolutely necessary because

Wout  Weight of reactant leaving the column it controls the conversion efficiency. This work analyses the

T space time catalytic activity of non-expensive metal oxides supported

on activated carbons for the complete oxidation of benzene

presentin atmospheric emissions. The catalysts were impreg-
nated on the support using two different methodologies. For
results, and the identification of the best support/catalyst pair one of the carbon series prepared, the impregnation step was

is at present the objective of many studies. made after CQ@activation. For the other carbon series, and in
Wasfi et al. studied the efficiency of platinum, palladium order to improve the dispersion of active sites on the porous
and copper oxide catalysts supportedyell 03 for the ox- texture of the carbons, a new impregnation methodology was

idation of VOC, concluding that platinum catalysts were the developed, proceeding to the impregnation before @&

most efficient, allowing good conversions at satisfactorily low tivation (between carbonization and activation). When the
temperaturefg]. Irwin et al. investigated the efficiencies of impregnation step is performed after g€@xctivation, the in-
supported platinum catalysts for the destructive oxidation of fluence of carbon texture on the dispersion of active sites
malodorous organic compounds and showed that the effi-is already well studied12,13] The authors recently pub-
ciency cannot be improved significantly without excessive lished studies about the influence of carbon texture on the
temperature increase, because mass transfer was the ratelispersion of active sites when the impregnation step is per-
controlling step7]. Burgos et al. analysed the deep oxida- formed before C@activation[14,15] The activated carbons
tion of VOC mixtures with platinum supported on283/Al contain heteroatoms that come from the raw material or are
monoliths, showing that acetone was found as an interme-introduced into the carbonaceous matrix during the prepa-
diate in the oxidation of 2-propan{8]. Cordi and Falconer  ration procedure or in subsequent treatments. Oxygen is the
concluded that palladium and palladium oxide supported on most important heteroatom, that is present as a component
Al,0O3 allowed good conversions for the complete oxida- of various surface complexes such as carboxyl, phenol, lac-
tion of VOC above 550 K9]. Andreeva et al. studied the tone, carbonyl, quinone, hydroquinone, anhydride, and ether;
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these complexes significantly influence the surface function- was 294 K. The resultant metal content was determined by
alities[16—18] As the surface chemistry of activated carbons flame atomic absorption spectrometry, after treatment of the
has a major influence on their capacity of adsorption, studiessamples with nitric acidtl5].
were performed in order to analyse whether the impregnation  For both series of samples, i.e. XCAIl and XCIA, the de-
methodology influenced the surface chemistry. To extend the position of CoO was performed by impregnation with cobalt
studies previously carried out, the present paper analyses thaitrate solutions prepared with Co(NJ2-6H20. For both
catalytic activity of the impregnated active carbons when the series carbons with two metal loads were prepared (1.5 and
impregnation step is performed before £4&ztivation, since 3%), being designated below as XCAI/CoO-1.5, XCAI/CoO-
this knowledge was as yet very scarce. 3.0, XCIA/C0o0-1.5, and XCIA/Co0-3.0. The deposition of
Co304 was conducted using cobaltous acetate and sodium
carbonate solutions. The precipitate of cobaltous carbonate
2. Experimental procedure and methodology was decomposed to @04 in air at 528 K. The deposition of
Co304 was only performed for the XCIA series, the car-
The activated carbons were prepared by first selecting thebon obtained being designated below as XIAJOg-3.0.
raw materials according to their carbon content, cheapnessThe deposition of Cr@was carried out by impregnating the
and availability. Pinewood sawdust and crushed nutshells, carbonized material with an ammonical solution containing
by-products of the wood and food industries that constitute (NH4)2COs and CrQ. The deposition of Cr@was also per-
a significant waste disposal problem, were used as the carformed only for the XCIA series, the carbon obtained being
bon precursors for the preparation of the impregnated activedesignated below as XCIA/Cg=B.0[15]. The impregnated
carbons reported herein. The fraction with an average sizeactivated carbons were dried for 45 min at 383 K and packed
of 0.063cm was washed with an acid solution, in order to under vacuum until use.
reduce the sulphur and ash contents of the carbons. The acid Carbon samples containing 6% metal were also prepared
was totally removed with distilled water and the sample was only to determine the final chemical states of the impregnated
then dried. The carbonization was conducted in a silica re- species using the X-ray diffraction (XRD) method, the crystal
actor placed in a tubular furnace under flowing nitrogen. A sizes being estimated through Sherrer formula. Transmission
heating rate of 10 K min! was employed until the tempera-  electron microscopy (TEM) was used to compare the external
ture attained 1123 K, which was maintained for 60 min. The and internal deposition of impregnant on the support through
weight loss was determined by weighing the sample before observation of the surface and sections of the matdfials
and after carbonization. The activation was carried out by par- Simultaneous thermogravimetric analysis (TG) and differen-
tial gasification of the carbon with CGat 1098 K, followed tial thermal analysis (DTA) were carried out to evaluate the
by a controlled cooling step with a rate of 20 K mihdown stability of impregnated active carbons in air with increasing
to ambient temperature. The activation weight loss was alsotemperature.
determined. The time to achieve a weight loss of 30% during  Nitrogen adsorption isotherms at 77 K were used to eval-
the activation step was determined for all the carbons, with uate the textural parameters of the carbons. Measurements
the aim of evaluating the influence of the different catalyst were conducted in a Micromeritics 2700 flow sorptomer. The
present during the activation stgb]. samples were first outgassed at 473 Kto avacuum of 0.1 Pa (a
Two series of impregnated active carbons were prepared.maximum of about 15 h for the carbons with well-developed
One used the following sequence of steps on the treatmentmicroporous texture) and then weighed. The results were ex-
of pinewood sawdust and nutshells: carbonization, activation pressed in relation to the unit mass of outgassed carbon. The
and impregnation, being designated by XCAI (depending on true adsorption equilibrium was guaranteed by checking the
the raw material, X will be S for sawdust and N for nutshells). adsorption at regular intervals and following it over long pe-
To optimize the dispersion of active sites on the porous textureriods of time. All isotherms were repeated at least once to
of the carbons, a new impregnation methodology was devel- obtain reproducible results. BET theory was used as a refer-
oped proceeding to the impregnation step between carbonizaence method for calculating the total specific surface areas
tion and activation according to the following sequence: car- (SggT) of the carbons. The t-method was used for calculation
bonization, impregnation and activation, being designated by of the non-microporous specific surface areas associated with
XCIA [15]. the mesoporesS(). The micropore volumeVy;) was calcu-
Non-expensive metal oxides (CoO, £, and CrQ) lated using the Dubinin—Astakhov equation applied to the
were impregnated into the carbons, to be used as catalystsnicropore adsorption whenever the Dubinin—Radushkevich
for the complete oxidation of benzene. The impregnation was equation could not be applied. The mesopore volug)
carried out using the incipient wetness method to ensure thatwas obtained by deducting the micropore volume from the
all the solution was retained in the texture of the impregnated volume adsorbed at a relative pressure of (19.
material. The volume of impregnating solution was deter-  The determination of surface functional groups was made
mined according to the porous volume to be filled; the contact to characterize surface chemistry. Acid and basic functional
time was chosen such that the impregnated material had a drygroups were determined using the Boehm method that in-
appearance (after ca. 10 min). The impregnation temperaturevolves a selective neutralization analygig§]. Solutions of
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NaHCG;, NaCOsz, NaOH, and HCI were prepared using were undetectable; thus, the conversion was calculated based
deionized water. Samples of 200 mg of activated carbon andon benzene consumption.

20 mL of each solution were shaken (blanks were prepared Experiments were also carried out with the fixed bed flow
without carbon). After reaching equilibrium the carbon was reactor to evaluate changes of catalytic activity/selectivity
separated from the solutions by decanting. The excess of basevith use, through the comparison of experimental results ob-
or acid was determined by back-titration with hydrochloric tained with impregnated active carbons after different times
acid and two solutions of sodium hydroxide with different of utilization.

concentrations. Temperature programmed desorption (TPD) The activation energyH) was determined through the val-

was carried out heating the samples (rate of 50 Khjin a ues of the velocity constants at different temperatures, using
He flow to the temperature of 1273 K, to monitor the amounts the Arrhenius equatiof20]. The reactant conversions, the
of CO and CQ with a mass spectrometer. kinetic constants and the activation energies were compared

A quick method was needed to evaluate the catalytic activi- considering the influences of the carbon texture, impregna-
ties of the twelve impregnated active carbons at different tem- tion methodology, catalyst content, catalyst species and raw
peratures and flow rates. A microcatalytic-chromatographic material.
technique was developed using a chromatographic reactor To evaluate the advantage of supporting catalyst in ac-
equipped with flame ionization and thermal conductivity de- tivated carbons, the catalytic activities of the impregnated
tectors; it proved to be a rapid and efficient methodology active carbons prepared were compared with the catalytic
[19-22] Twelve chromatographic columns of stainless steel activities of not noble metals supported in different matrix.
(internal diameter of 0.48cm and lengths between 20 and
26 cm) were filled with about 2.2 g of each impregnated ac-
tive carbon. Benzene was injected (as pulses ofi0.dsing 3. Results and discussion
Hamilton syringes of LuL) in the chromatographic column
at different temperatures and flow rates of carrier gas (0.925, Table 1shows the textural parameters that were deter-
0.999,1.08,1.11 and 1.16 émsr L at STP), being distributed  mined in order to characterize the impregnated active car-
between stationary and mobile phases. All the experimentsbons in comparison with the non-impregnated ones: total
were repeated at least three times, until the relative standardspecific surface area of the carbons determined by BET
deviation was lower than 5%. The oxidation was promoted method &), hon-microporous specific surface area asso-
with the oxygen present in the pure air utilized as carrier gas. ciated with mesopores determined by t-meths§g, (meso-

The possibility of temperature control of the chromatographic pore volume ¥me), micropore volumeV;), and crystal size
column allowed the consideration of an isothermal oxidation (d).

of benzene in the chromatographic reactor. The significant  The results obtained for textural characterization show that
excess of oxygen relative to the small amount of benzene in-the two impregnation methodologies employed led to tex-
jected in the column, allows considering a pseudo-first-order tural variation relative to the non-impregnated carbons that
reaction[21]. are completely different. For both raw materials, when the

The catalysts that showed better performance were testedmpregnation of carbons was performed after CAgtiva-
in a conventional fixed bed flow reactor, consisted by a ver- tion (XCAI series), the impregnant species were deposited
tical tube of quartz having an internal diameter of 8.0 mm; on the internal surface, blocking part of the initial porous
about 2.2 g of each carbon was charged in the middle parttexture. Consequently, relative to the non-impregnated car-
of the reactor, supported by quartz wool. The catalysts werebons, both the total and mesoporous surface areas de-
pre-treated under flowing air at 523 K for 1 h, and then cooled creased, as well as the micropore and mesopore volumes
to room temperature before the reaction. A thermocouple [15].
was used both to control furnace temperature and to mea- On the other hand, when the impregnation was carried out
sure the reaction temperature, ranging from 423 to 523 K. before CQ activation (XCIA series), metal species acted as
The whole reactor system was heated continuously at@€10 catalysts during the activation step, the texture developing
to avoid adsorption of benzene onto the tube walls. Mass being strongly dependent on the metal oxide dispersion in
flow controllers were used for guaranteeing a stable air flow the carbonized material. A well-developed pore texture ap-
rate of 0.925cris™! at STP, containing 6.38 mg dm of peared essentially near the places where metal species acted
benzene. To reach this concentration, an air stream wasas catalysts, remaining a micropore texture with pores of very
bubbled through a saturator filled with liquid benzene un- small sizes where metal species were not present. For both
der controlled temperature, after being mixed with another raw materials, due to the presence of the catalysts during the
air stream. The entering concentration of benzene was al-CO, activation step, relative to the non-impregnated carbons
ways confirmed by gas chromatography, and this was alsothe impregnation decreased the total specific surface area but
used to evaluate the benzene concentration leaving the reacincreased the mesoporous surface area; the mesopore vol-
tor. The analysis was carried out with a gas chromatographume increased but micropore volume decreased, although the
Chrompack CP9000 equipped with a flame ionization de- volume of the wider micropores increasdd]. Comparing
tector and a packed column. Other hydrocarbon by-productsCoO, Ca0O4 and CrQ as catalysts of the CQOactivation
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Table 1

Textural parameters of active carbons prepared with pinewood sawdust and nutshells

Carbon Sger (M?g) S (m?g™h) Vime (cm*g~?) Vimi (cm®g) d (nm)

SCA 1070 174 0.022 0.434
SCAI/Co0-1.5 972 12 0.012 0.409 1B
SCAI/Co0-3.0 873 16 0.005 0.383 14
SCIA/Co0O-1.5 613 44 0.139 0.303 5
SCIA/Co0-3.0 292 95 0.291 0.099 2
SCIA/C0304-3.0 455 98 0.310 0.170 K3
SCIA/CrCs3-3.0 544 3% 0.102 0.270 )

NCAI 561 700 0.135 0.225
NCAI/Co0O-1.5 474 538 0.094 0.196 B
NCAI/Co0-3.0 386 3D 0.058 0.167 5
NCIA/Co0O-1.5 310 9q 0.330 0.124 3
NCIA/Co0-3.0 272 142 0.381 0.081 a
NCIA/Co304-3.0 464 153 0.393 0.182 2
NCIA/CrO3-3.0 437 843 0.242 0.196 p]

step, it was concluded that the higher efficiency oQ¢ adsorption was not present and that the disappearance of ben-
was restricted by worse dispersion into the carbonized ma-zene was exclusively due to complete oxidation. Thus, the
terial, what is related to the larger size of its crystals. £rO conversion rate could be calculated based simply on benzene
was the least efficient catalyst for the €@ctivation step consumption.
[15]. The differential detectors produce signals proportional to

In the selective neutralization analysis, NaHQ@@utral- solute gas phase concentration, recording chromatographic
izes carboxylic acids, N&€O3 neutralizes carboxylic and  peaks whose areas are proportional to the weight of solute
lactone groups, NaOH neutralizes carboxylic, lactone, and passing the detector. Therefore, for chromatographic reac-
phenol groups, and HCI neutralizes basic surface groups.tors, the total weights of reactant entering and leaving the
Carbonyl groups are determined through the titration with column W, andW,y) are, respectively, proportional to the
two solutions of NaOH with different concentratioffs3]. reactant peak areas without and with chemical reacu’t&] (
The experimental results showed that neither the acidic norandAg). If these reactant peak areas are measured with the
the basic functional groups present on the carbon surfacesame detector sensitivity, then at each temperature the reac-
were significantly affected by the impregnation methodology. tant conversionXr) can be determined through the following
When carbonaceous material is subjected to a programmedequation:
temperature increase, the surface oxygen complexes desorb Ar
mainly as CQ (coming from the decomposition of carboxyl, Xg=1-—5 (1)
anhydride and lactone groups) and CO (coming from the de- R
composition of phenol, carbonyl, anhydride, pyrone, quinone  For first-order catalytic reactions associated with linear
and ether groups). The oxygen content of the samples wasadsorption isotherms on the catalyst support, the continuous
determined through the amounts of CO and,Gf8sorbed.  flow model for ideal chromatographic reactors relatés,
TPD analysis also showed that functional groups present onyy, ., the velocity constants in gaseous and solid phages (
the carbon surface were not significantly affected by the im- andks), and the residence time in gaseous and solid phases
pregnation methodology, suggesting that it mainly influences (tg andts):
the carbon texture.

The experiments carried out with the chromatographic re- Win _ Ar _ explkqty + ksts) 2)
actor, to evaluate the catalytic activities of the twelve impreg- Wout A% 99
nated active carbons, showed that' the peak areas of benzene Egs.(1) and (2)are transformed in Eq4) to define the
in the chro_matogram decreased with increasing temperature(,jlpp‘,jlrent rate constaik;
thus showing the presence of a chemical reaction. As flame
ionization detector is selective for organic compounds, thein- , _ ; Tk Iy ©)

. . . L ap = Ks g

terference of inorganic products is eliminated from the chro- Is
matograms, making the determination of reactant peak areas AR
easier and safer. Distortion of peak profiles did not occur and — IN(1 — Xr) = — In —5 = kapfs (4)
no other peak appeared, even when the flow rate of carrier gas AR
was decreased. This means that products of partial oxidation =~ Sometimes botks andkg can be independently evaluated.
were not formed. At each temperature, from the first injec- Nevertheless, it frequently happens thds at least one order
tion to the last, good reproducibility of the peak areas was of magnitude greater thdg, andty/ts is less than 0.2. In this
observed; therefore, it was possible to state that irreversiblecase, it is not possible to evaluate independekylgndkg,
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kap being approximately equal tQ. Then,Xg can be related ~ Table 2

to the residence time in the solid phase through the following Kinetic parameters of active carbons prepared with pinewood sawdust and
nutshells ks at 523 K)

equation:

Carbon ks (x107s71) E (kJmol 1)

AR SCAI/Co0O-1.5 0.317 97.1

—In(1 - Xg) = —In 20 = ksts (%) SCAI/C00-3.0 0.447 97.0

R SCIA/C00-1.5 1.37 95.9

SCIA/C00-3.0 1.62 93.1

At _each temperatureks can be calculate(_j through the  scia/co,0,-3.0 276 86.0

experimental values ofg, A% andts, determined through  scia/Cro;-3.0 1.39 93.2

chromaéograms obtained at dlfferentlﬂow rates, and plotting ycai/coo-1.5 0524 96.4

In(Ar/AR) againsts, where the slope is{ks). NCAI/C00-3.0 0.549 94.3

The reactant peak areas without chemical reactitf) (  NCIA/CoO-1.5 1.10 96.5

were determined in parallel with a column filled with a non- NC'A§COO-3-0 1.48 92.3

: - : _NCIA/C0304-3.0 3.11 84.6

impregnated carbon. In order to confirm that there is no chem NCIAIGTO5-3.0 108 977

ical reaction with the non-impregnated carbon, the stability
of A% values was evaluated by lowering the column temper-
ature (the sensitivity of the flame ionization detector is not
affected by column temperature in the range considered). Asthe microcatalytic-chromatographic technique proved to be
the sensitivity depends on the carrier gas flow ra&,was a rapid and efficient methodology for comparing the carbon
determined for all the flow rates utilized. These values were catalytic activities.
also compared with those obtained with the columns filled  The kinetic constantk§) and the activation energieg)(
with the impregnated carbons at temperatures at which nodetermined using the chromatographic reactor are expressed
reaction can occur. The observed results showed good agreein Table 2
ment. To evaluate how the impregnation methodology influ-
The residence time in solid phadg) was calculated by  enced the kinetic parameters, the carbons compared must
subtracting the residence time in gaseous phgs&¢m the be impregnated with the same metal loading and catalyst
global chromatographic retention time measured in the chro- species, differing only in the impregnation methodology.
matograms. The residence time in gaseous phase correspondghis was the case for the following pairs: (i) SCAI/Co0O-1.5
to the chromatographic retention time of a non-adsorbed gas.and SCIA/Co0O-1.5; (ii) SCAI/Co0-3.0 and SCIA/Co0-3.0;
It was determined experimentally by injecting helium into (iii) NCAI/CoO-1.5 and NCIA/Co0O-1.5; (iv) NCAI/CoO-
a chromatograph fitted with a thermal conductivity detector. 3.0 and NCIA/Co0O-3.0. The results expressedrable 2
These values were compared with the ones calculated usshow that when impregnation was performed before, CO
ing porosity parameters, column volume and flow rate. Good activation, the kinetic constants were 3.6—4.3 times higher
agreement was noted, atylts was always smaller than 0.1. for sawdust carbons, and 2.1-2.7 times higher for nut-
Therefore, considering thkg is much larger thaky, Eq.(5) shell carbons. As it was already referred, when impregna-
can be used to calculake. tion was performed before GQactivation, the volume of
The pressure drop was negligible along the column and nothe wider micropores increased, as well as the volume and
radial concentration or velocity gradients were observed in- area of the mesoporg$5]. Wider micropores favoured an
side the column. The flow rates used (0.925, 0.999, 1.08, 1.11easier access to the catalyst, offering a significant depo-
and 1.16 cris™1) belong to the range of 0.08-2.58s1? sition surface. In addition, the higher mesopore areas al-
which guarantee (for the size and type of columns used) thatlowed a better metal oxide dispersion, and this improved
mass transfer is not rate limiting and diffusion is not im- the efficiency of the catalyst. This was confirmed through
portant[21]. Therefore, the continuous flow model for ideal the comparison of the average crystal sizes of CoO for
chromatographic reactors can be applied. SCAI/C00-1.5 and SCIA/Co0O-1.5 (12.6 and 4.5nm, re-
Concluding, the experimental conditions allowed consid- spectively), for SCAI/Co0O-3.0 and SCIA/C00-3.0 (14.1 and
ering a pseudo-first-order reaction that is associated with 2.4 nm, respectively), for NCAI/CoO-1.5 and NCIA/CoO-
linear adsorption isotherms, carried out in ideal chromato- 1.5 (5.6 and 2.3 nm, respectively), and for NCAI/Co0O-3.0
graphic reactors. This supports the utilization of Eg).to and NCIA/Co0-3.0 (8.5 and 1.9 nm, respectively). The im-
calculate the kinetic constants. ages obtained using TEM only allowed a qualitative com-
Based on the results obtained using the chromatographicparison between external and internal deposition of impreg-
reactor, the activated carbons that showed the best perfornant on the support; nevertheless, they confirmed a better
mance for the benzene complete oxidation (the ones impreg-internal deposition for the carbons impregnated before CO
nated with CaO4 before CQ activation) were selected, to  activation. According to the reactant conversions shown in
be tested in the fixed bed flow reactor. The conversion de- Fig. 1, calculated using E1), it could be concluded that for
termined had differences relative to those obtained with the both raw materials, the catalytic activity increased when the
chromatographic reactor never higher than 6%, meaning thatcatalysts were supported on activated carbons with a better
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development of mesopore area and volume, which could be
induced, proceeding to the impregnation before;@€tiva-
tion.

To analyse the influence of the catalyst content on the
kinetic parameters, the carbons must be impregnated using
the same methodology, with the same catalyst species, and
differing only in the metal loading. This was the case of
the following pairs: (i) SCAI/Co0-1.5 and SCAI/Co0-3.0;
(i) NCAI/Co0-1.5 and NCAI/Co0-3.0; (iii) SCIA/Co0-1.5
and SCIA/Co0-3.0; (iv) NCIA/CoO-1.5and NCIA/Co0O-3.0.
Table 1shows that SCAI/Co0-3.0 and NCAI/Co0-3.0 had
lower values forSgeT, S, Vmi andVme, than, respectively,
SCAI/Co0-1.5 and NCAI/Co0-1.5, leading to a decrease in
the metal oxide dispersion (crystal sizes increased). Nev-
ertheless, due to its higher metal content, SCAI/Co0O-3.0
and NCAI/Co0-3.0 had kinetic constants, respectively, 1.41
and 1.05 times higher than SCAI/Co0-1.5 and NCAI/CoO-
1.5 (seeTable 3. SCIA/C00-3.0 and NCIA/Co0O-3.0 had
lower Sget and Vy,; than, respectively, SCIA/Co0O-1.5 and
NCIA/C00-1.5, but higherS{ and Vie, leading to a bet-
ter metal oxide dispersion (crystal sizes decreased) and to
kinetic constants, respectively, 1.18 and 1.35 times higher.
According to the reactant conversions shownFHig. 1,

it was concluded that the catalytic activity increased with Fig. 2. Influence of the catalyst species on the conversion of benzene through
complete oxidation (reaction conditions: weight of impregnated active car-

bons, 2.2 g; flow rate of carrier gas, 0.925%sn! at STP).

increasing catalyst content, even for worse metal oxide
dispersions.
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Fig. 1. Influence of the impregnation methodology on the conversion of
benzene through complete oxidation (reaction conditions: weight of im-
pregnated active carbons, 2.2 g; flow rate of carrier gas, 0.935chat

STP).

To analyse the influence of the catalyst species on the ki-
netic parameters, the carbons must be impregnated using the
same methodology, with the same metal loading, and differ-
ing only in the catalyst species impregnated. This was the case
for the following carbons: (i) SCIA/Co0-3.0, SCIA/G0D4-

3.0 and SCIA/Cr@-3.0; (ii) OCIA/Co0-3.0, OCIA/CgO,-

3.0 and OCIA/Cr@-3.0. The crystal sizes of CoO, 04

and CrQ were, respectively, 2.4, 3.0 and 3.5 nm for sawdust
carbons, and 1.9, 2.4 and 2.9 for nutshell carbons. TEM im-
ages confirmed better internal deposition in the carbons im-
pregnated with CoO. Neverthele§sg. 2shows that CgO4

was the best catalyst for the complete oxidation of benzene
(as itwas for the C@activation step), despite having a worse
dispersion than CoO. Analysintable 2 it can be seen that
the kinetic constants of SCIA/G®4-3.0 and NCIA/C@O4-

3.0 were, respectively, 2.0 and 3.0 times higher than the ones
of SCIA/Cr0z-3.0 and NCIA/Cr@-3.0, certainly related to

the lowest catalyst efficiency of Cg(Jalso the worst cata-
lyst for the CQ activation step), in addition to the lowest
mesoporous area and mesopore volume development that
implied the worst Cr@ dispersion, confirmed through its
bigger crystal sizes. It could be observed that withs@p

as catalyst, a benzene conversion of 90% was reached at
lower temperatures than with CsQrespectively, 470 and 544

for sawdust carbons, and 472 and 558 for nutshell carbons).
Concluding, for the complete oxidation of benzene, the cat-
alytic activity of cobalt was better than that of chromium,
the oxidation state of cobalt in @@4 being better than

in CoO.
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To evaluate the stability of impregnated active carbons 4. Conclusion
in air with increasing temperature, DTA experiments were
carried out. For all the impregnated carbons, the results For both raw materials, the impregnation before ,CO
showed that at about 575K an exothermic reaction be- activation decreased the total specific surface area but in-
gins to be observed with an enthalpy #04.5kJ mot?, creased the volume of the wider micropores, the mesopore
related to the reaction between carbon and oxygen. Thisvolume, and the mesoporous surface area; at 523K the ki-
means that temperatures lower than 575K must be usednetic constants were 3.6—4.3 times higher for sawdust car-
for guaranteeing carbon stabilitifigs. 1 and 2show that bons, and 2.1-2.7 times higher for nutshell carbons, due
the carbons impregnated before £@ctivation allowed to a better metal oxide dispersion on higher mesopore ar-
very good conversions at temperatures that guarantee carboeas and on wider micropores, which also favoured an easier
stability. access to the catalyst; Cs@vas the worse catalyst for the
The comparison of experimental results obtained with the complete oxidation of benzene, and40a was the best, de-
fixed bed flow reactor, for impregnated active carbons hav- spite having a worse dispersion than CoO. A benzene con-
ing different times of utilization, showed that catalytic activ- version of 90% was reached with €0, as catalyst at a
ity/selectivity is enough stable if the reaction temperature is lower temperature than with Cgd472 and 558K, respec-
maintained below 575 K. tively). The carbons impregnated before £&xtivation al-
The catalytic activities, of the impregnated active carbons lowed very good conversions at temperatures that guarantee
prepared, were compared with those of other catalysts: 5%the carbon stability (lower than 575K). The impregnation
Cu supported iy-Al 203 [5] and 8.5% Cu—Cr supported in  of metal oxides in activated carbons (mainly before activa-
v-Al2,03[11]. For that, the kinetic constants determined with tion) led to catalysts with a better performance than 5wt.%
the chromatographic reactor were used to estimate the converCufy-Al 2,03 and 8.5% Cu—C#-Al03. The results obtained
sions that would be obtained with the prepared active carbonsled to the conclusion that activated carbon is a suitable sup-
in a fixed bed flow reactor at the experimental conditions re- port for metal oxide catalyst, to be used for the complete
ferred on the publications{U =0.50 g s cm?[5],and space  oxidation of benzene, especially if an adequate porous tex-
time r=0.90 §[11]). The results are presentedTiable 3for ture is induced proceeding to the impregnation before CO
a temperature of 523 K. The analysis of these results allowedactivation.
to conclude that the catalysts prepared by impregnating metal
oxides in activated carbons (mainly those impregnated before
CO, activation), can be significantly better than 5wt.%¢u/  Acknowledgement
Al,03 and 8.5% Cu—C#-Al,0s3. Therefore, it seems to be
possible to conclude that activated carbonis a suitable support  The helpful collaboration of the Technical University of
for metal oxide catalysts, to be used for the complete catalytic Dresden is gratefully acknowledged.
oxidation of benzene, especially if an adequate porous tex-
ture is induced proceeding to the impregnation before CO
activation. References

[1] W. Wang, L.-W. Chiang, Y. Ku, Decomposition of benzene in
air streams by UV/TIQ process, J. Hazard. Mater. B101 (2003)

Table 3 133.
Comparison of benzene conversions through complete oxidation at 523K [2] J.R. Kastner, K.C. Das, N. Melear, Catalytic oxidation of gaseous
using different catalysts reduced sulfur compounds using coal fly ash, J. Hazard. Mater. B95
Catalyst Conversion (%) (2002) 81.
[3] J.C.-S. Wu, Z-A. Lin, F.-M. Tsai, J.-W. Pan, Low-temperature com-

mU=0.50gscm® 7=0.90s plete oxidation of BTX on Pt/activated carbon catalysts, Catal. Today
SCAI/C00-1.5 o 14 63 (2000) 419,
SCAI/C00-3.0 13 20 [4] V. Blasin-Aubé, J. Belkouch, L. Monceaux, General study of
SCIA/C0O-1.5 30 40 catalytic oxidation of various VOCs over bgSroMnOs.y per-
SCIA/C00-3.0 35 43 ovskite catalyst—influence of mixture, Appl. Catal. B 43 (2003)
SCIA/C0304-3.0 56 68 ’5.
SCIA/CIO;-3.0 32 44 [5] S.C. Kim, The catalytic oxidation of aromatic hydrocarbons over

supported metal oxide, J. Hazard. Mater. B91 (2002) 285.

NCAI/CoO-1.5 14 22 [6] A.K. Wasfi, G.P. Mathur, C.C. St. Pierre, AW. Gnyp, Evaluation of
NCAI/C00-3.0 36 56 catalysts for vapour phase oxidation of odorous organic compounds,
NCIA/Co0O-1.5 18 23 Atmos. Environ. 12 (1978) 2389.
NCIA/C00-3.0 34 41 [7] 3.G. Irwin, T.A. Dorling, R.L. Moss, The efficiency of supported plat-
NCIA/C0304-3.0 57 61 inum catalysts for the destructive oxidation of odorous compounds
NCIA/Cr0z3-3.0 28 36 in air, Atmos. Environ. 13 (1979) 1569.
5wWt.% Cuk-Al 03 [5] 7 [8] N. Burgos, M. Paulis, M.M. Antxustegi, M. Montes, Deep oxidation
Cu-Cri—Al,03 [11] 22 of VOC mixtures with platinum supported on ZDs/Al monoliths,

Appl. Catal. B 38 (2002) 251.




M. da Conceiéo M. Alvim-Ferraz, C.M.T.B. Gaspar / Journal of Hazardous Materials B119 (2005) 135-143 143

[9] E.M. Cordi, J.L. Falconer, Oxidation of volatile organic compounds [16] C. Moreno-Castilla, J. Rivera-Utrilla, Carbon materials as adsorbents

on Al>,O3, Pd/ALO3 and PdO/A$O3 catalysts, J. Catal. 162 (1996) for the removal of pollutants from the aqueous phase, MRS Bull. 26
104. (2001) 890.

[10] D. Andreeva, T. Tabakova, L. Llieva, A. Naydenov, D. Mehanjiev, [17] M. Sanchez-Polo, J. Rivera-Utrilla, Adsorbent-adsorbate interactions
M.V. Abrashev, Nanosize gold catalysts promoted by vanadium oxide in the adsorption of Cd(Il) and Hg(ll) on ozonized activated carbons,
supported on titania and zicornia for complete benzene oxidation, Environ. Sci. Technol. 36 (2002) 3850.

Appl. Catal. A209 (2001) 291. [18] H. Valdés, M. &nchez-Polo, J. Rivera-Utrilla, C.A. Zaror, Effect of

[11] M.I. Vass, V. Georgescu, Complete oxidation of benzene on Cu—-Cr ozone treatment on surface properties of activated carbon, Langmuir
and Co—Cr oxide catalysts, Catal. Today 29 (1996) 463. 18 (2002) 2111.

[12] M.C. Alvim-Ferraz, Preparation of activated carbon for air pollution [19] R.J. Kokes, H. Tobin Jr, P.H. Emmett, New microcatalytic-
control, Fuel 67 (1988) 1237. chromatography technique for studying catalytic reactions, J. Am.

[13] M.C.M. Alvim-Ferraz, Prepargo e Caracterizé&o de Carbes Ac- Chem. Soc. 77 (1955) 5860.
tivados Impregnados, Ph.D. thesis, Faculdade de Engenharia da Uni-[20] S.H. Langer, J.Y. Yurchack, J.E. Patton, The gas chromatogra-
versidade do Porto, Porto, 1983, pp. 17-21. phy column as a chemical reactor, Ind. Eng. Chem. 61 (1969)

[14] M.C.M. Alvim-Ferraz, C.M.T.B. Gaspar, Impregnated active carbons 11.

to control atmospheric emissions. I. Influence of the impregnated [21] S.H. Langer, J.E. Patton, in: H. Purnell (Ed.), New Develop-
species on the porous structure, J. Colloid Interface Sci. 259 (2003) ment in Gas Chromatography, Wiley, New York, 1974, pp. 293—

133. 373.
[15] M.C.M. Alvim-Ferraz, C.M.T.B. Gaspar, Activation and impregna- [22] M.C.M. Alvim-Ferraz, Prepar@m de Cares Activados Impreg-
tion of chars—nutshells and pinewood sawdust, Adsorption Sci. nados, Ph.D. thesis, Faculdade de Engenharia da Universidade do

Technol. 21 (2004) 897. Porto, Porto, 1983 (Chapter 5).



	Catalytic activity of active carbons impregnated before activation of pinewood sawdust and nutshells to be used on the control of atmospheric emissions
	Introduction
	Experimental procedure and methodology
	Results and discussion
	Conclusion
	Acknowledgement
	References


