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Abstract

The combustion kinetics of coke laydown on wet oxidation catalysts was studied by means of temperature-programmed
oxidation and mass spectrometry within the temperature range (30S50Me coke deposits were formed over three different
catalysts 1 wt.% Pt/Al03, MnO,/CeQ and 1wt.% Pt—-Mn@CeQ during phenol deep oxidation in a three-phase slurry
reactor at various reaction conditions (exposure time, temperature, oxygen pressure, catalyst loading). The carbon oxides,
oxygen and water fluxes arising from the combustion of the carbonaceous deposits ind-Emixture, were continuously
monitored. In all cases, unimodal quasi-Gaussian distributions were obtained fowldl@ no CO was detected. These
evolutions were successfully described by a modified “fractal power-law” grain model. The coke-dependence of the carbon
dioxide profiles was related to the fractal dimension of the catalyst surface and to the oxygen partial order during coke
burn-off. The corresponding change in @artial order was ascribed to competition between three steps in the combustion
mechanism: non-dissociative;@hemisorption, interaction of oxygen with undissociated dioxygen bearing surface species,
physical desorption of the complex oxide as carbon dioxide. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction are able to trigger the oxidation of pollutants dis-
solved in wastewaters, eventually to a deeper level of
Several abiotic processes are known to be efficient complete mineralization [1].
in transforming water-dissolved biorefractory con- Important emphasis is being put nowadays on find-
taminants into environmentally innocuous entities. ing efficient CWO solid catalysts able to accomplish
Among them, catalytic wet oxidation (CWO) is gain- oxidative destruction of aqueous pollutants under
ing in popularity, especially for wastewaters having acceptably moderate conditions. This endeavor is
pollutant loads intermediate between those suitable largely dictated by the fact that there are virtually
for conventional biotreatment and for incineration no immediate profits from obtaining “clean” but
processes. Highly activeolid catalysts, combined “zero-added-value” treated waters, besides the sole
with pressurized @under mild temperature/pressure, safeguard of the environment. Whereas compliance
with the regulation in terms of discharge tolerances is
"+ Corresponding author. Tel#1-418-656-3566; always accompanied by extra costs. o
fax: +1-418-656-5993. Integration of CWO multiphase reactors into viable
E-mail addressflarachi@gch.ulaval.ca (F. Larachi). water treatment units must take into account one key
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aspect of solid catalysts, that is catalyst regeneration. the coked matrix, interactions with native impurities
Coke formation leading to catalyst deactivation is an inducing catalytic or inhibiting effects, etc. Coke may
inevitableparasiticchemical reaction that occurs con- also be altered by thermal rearrangements, pyrolysis,
comitantly with the pollutant mineralization [2-5]. As  changes in functional groups (for example, hydrogen
the carbonaceous overlayer deactivates the catalystloss during coke combustion), etc.
“coke” burn-off is explored as an option for activity A rigorous, and perhaps utopian, treatment of the
restoration. combustion kinetics must enmesh all of these features
The CWO deposits dealt within this work share to form a detailed knowledge and understanding for
certain similarities with the carbonaceous deposits such particular CWO reactions. Usually, comprehen-
formed by the reaction of hydrocarbons in the pres- sive kinetic models for combustion of carbonaceous
ence of B over cracking and reforming catalysts deposits including such a level of sophistication are
[6-9]. However, if the coke formed during hydro- cumbersome and mathematically difficult to handle in
carbon conversion has been the subject of thorough practical contexts.
investigations over several decades, literature perti- Rather, alternative simplified approaches were pro-
nent to CWO “coke” is virtuallynon-existent There posed. Early works proposed diffusion-control or
is therefore a strong need to bring new knowledge and shrinking-core models in the case of single-pellet
to provide some insights into the surface chemistry regeneration [9—16]. Other works used global kinet-
of the carbonaceous materials building up over wet ics and applied power-law rate expressions wherein
oxidation catalysts. Furthermore, from the perspec- burn-off data were fitted with a first-order reaction
tive of catalytic reactor engineering, these informa- model with respect to coke and an order varying
tions are essential to successfully design long-lasting in the range (0-1) for oxygen pressure [17-23].
wastewater treatment units able to overcome the un- The coke burn-off profiles were also approached
avoidable catalyst coke laydown deactivation, but (semi-)mechanistically for carbon speciation using
also for the optimal sizing/rating of the regenera- peak synthesis/decomposition of complex TPO spec-
tion units for activity rendition of the spent CWO tra into several single-step narrow peaks [7,24-26].
catalysts. Each carbon peak was ascribed to the presence of a
The objectives of this work are twofold. First, the type of carbon that burns following its own global
combustion kinetics, in the temperature-programmed pseudo-kinetic power-law expression.
oxidation mode (TPO), of carbonaceous deposits on
spent Pt/A}O3, MnO»/CeG and Pt—=MnQ/CeO, cat-
alysts used for CWO of phenolic aqueous solutions are 3. Experimental section
studied and qualitatively discussed. Second, a mecha-
nistic pathway and a phenomenological kinetic model 3.1. Coke deposition
are proposed for the description of the TPO of CWO
coke combustion. The equipment and techniques used to form the car-
bonaceous deposits, or “coke”, on the catalysts were
described in detail elsewhere [27,28]. Briefly, the phe-
2. Brief survey of coke burning modeling nol “coking” tests were performed in a stainless steel
approaches high pressure autoclave batch slurry reactor (Model
4842, Parr Instrument) shown in Fig. 1la. Aqueous
In order to optimize the catalyst regeneration, under- phenol solutions, typically 100 ml, underwent CWO
standing of the kinetics of the evolving gaseous prod- over 1wt.% Pt/A}Os (Aldrich), MnO,/CeQ, and
ucts (CO, CQ, and HO) formed by combustion of  1wt.% Pt—-MnQ/Ce(, catalysts. In each CWO run,
the deposits is needed. Depending on the CWO history 100-500 mg of catalyst was coked in an atmosphere
and conditions, several physico-chemical phenomenaof oxygen (0.5-1.5MPa) at set temperatures in the
can affect the combustion of the coke deposited on the range 80-175C and using 0.013-1 g phenol in water.
catalyst surface. These include surface area modifica- The corresponding £to-phenol stoichiometric ratios
tion, change in effective diffusivity in the pores of were in-between 2.5 and 108.
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TCD = thermo-conductivity detector

Fig. 1. Layouts of the experimental facilities used in the: (a) phenol coking tests in a three-phase slurry reactor; (b) temperature programmed
oxidation of the spent catalyst.

Fresh 1wt.% Pt/alumina catalyst was initially cal-
cined for 16 h up to 428 according to the pro-
cedure of Ref. [29]. Fresh MnflCeQ, and 1wt.%

catalyst was placed inside the reactor and sandwiched
in-between two glass wool plugs. Such small amounts
of catalyst are required to prevent large temperature
Pt—-MnG,/Ce; catalysts, synthesized in our labora- fluctuations in the gas stream due to the exothermicity
tory, were calcined at 35C for 3h as described in  of combustion and excessive peak broadening due to
Ref. [4]. The catalysts were then contacted for up to multiple readsorption. Temperature was measured by
4 h with the phenolic solutions in the CWO slurry re- a thermocouple positioned flush to the microreactor
actor. For measurement of the activity loss profiles wall, and pressure by a pressure gauge located at the
versus time, several CWO batches were run under ex-reactor outlet.
actly identical conditions, but were quenched in order  Each batch of spent catalyst was first exposed to
of increasing oxidation reaction times. Hence, subse- flowing helium (30 ml/min) while starting a linear tem-
guent to a reaction quenching, the (partially) deacti- perature program at a heating rate of @min from
vated catalyst was withdrawn from the slurry reac- ambient to 120C, where it was kept for 20 min before
tor regularly every 5min, washed and air-dried. For cooling down to room temperature. Such a system-
each operating condition, the spent catalyst was di- atic treatment allowed removal of physisorbed water
vided into 50-100 mg batches for TPO-MS studies, from the catalyst sample without thermally modifying
nitrogen BET surface area, SEM, XPS and elemental the nature of the deposited coke [27]. Subsequently,
analysis determinations. the catalyst was heated up to 6&0at 8C/min un-
der a controlled flow of 5% oxygen diluted in helium
passing through the catalyst bed to burn-off the car-
bonaceous deposit. The volumetric gas flow rate was
The TPO-MS experimental facility is drawn 30 ml/min.
schematically in Fig. 1b. It consisted of%ajn. i.d. Oxygen uptake, @ CO, CQ and HO fluxes evolv-
flow-through U-shaped tubular quartz microreac- ing in the gas phase downstream of the microreactor
tor placed in an electrically heated and tempera- were continuously detected by a thermal conductiv-
ture program-controlled ceramic furnace. At about ity detector (TCD) and by mass spectrometry using a
mid-height deep in the furnace, 50-100 mg of spent transpector quadrupole (Leybold Inficon). A fraction

3.2. TPO-MS facility
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of the off gases flowing downstream of the quartz re- bulk less than 0.01 K concluding to the non-influence

actor was diverted into a multiple-stage pressure re- of heat-transfer limitations. All gases were sup-

duction system. This system consisted of a meter- plied by Praxair (Québec) and the gas flow rates

ing valve that allowed a controlled bleeding of the were stabilized and measured by Brooks mass-flow

“shunted” off-gases into the mass spectrometer. The controllers.

latter was pumped by means of mechanical pumps and

a turbo-molecular pump operating at a vacuum pres- 3.3. Analytical methods

sure near 10° Torr. The TCD and MS signals were

recorded on a personal computer interfaced to the in- Texture and morphology of the spent and fresh

struments via data acquisition boards. The sampling catalysts were examined using a 515 Philips

period of the signals was 5s. scanning electron microscope (SEM) at different
The mass spectrometry signals corresponding to scales/magnifications. The oxidation states of Pt, Mn

the four gas components measured under vacuumand Ce over the fresh and spent catalysts were de-

(CO, CQ, 0Oy, HxO) were converted into produc- termined by X-ray photoelectron spectroscopy (XPS)

tion/consumption rates in the conditions of the mi- using a V.G. Scientific Escalab Mark Il system.

croreactor outlet: The BET specific surface areas were obtained using
J Py O 100 N2 physical adsorption at 77K on a Micromeritics
Ratejumol/(gcat °C)] = — — — (2) Gemini 2360 sorption instrument. Fractal surface

§ Pa RTfwea characterization of the catalysts was also attempted
The units for these evolution rates were determined py using a modified Brunauer-Emmett—Teller (BET)
from: equation of adsorption isotherms accounting for sur-
face roughness and fractality [31]. The time evolution
of the carbon content in the carbonaceous deposits
was followed by CHN elemental analysis (Carlo
Erba, Model 1106). Similarly, the residual phenol
concentration and total organic carbon (TOC) were
monitored as a function of reaction time by means
of a gas chromatograph (HP5890 series Il plus)
coupled with a mass selective spectrometer (MSD
Model HP5972), and a combustion/non-dispersive in-
frared gas analyzer (Shimadzu 5050 TOC analyzer),
respectively.

o the electrical current] (in mA), measured for each
species, i.e., @ CO, etc.;

o the tabulated mass spectrometer sensitivity factor,
S in mA/atm, for each species;

e the MS-side total pressurBy in atm;

the microreactor-side total pressi®g in atm, de-

termined to be 1.2 atm for all the runs;

the mass of catalystycat in g;

the combustion temperaturg,in °C;

the heating rateg in °C/min;

the microreactor flow-through volumetric rat@,n

I/min.

For kinetic modeling, the carbon oxide rates were 4. Experimental results
expressed as carbon conversion rates:

4.1. Adsorption isotherms and SEM im
dX 7P 0 10P dsorption isotherms and S ages

— = 2

dT S Pa RTA[Clowcat ? Fig. 2a—c shows the adsorption isotherms ob-
Here R is the ideal gas constant an@]} the con- tained for virgin and spent catalysts in the case of
centration, inumol/(g cat.), of total carbon measured MnO,/CeQ,, Pt—-MnQ/CeQ and Pt/AbOs, respec-
using a Carlo Erba CHN analyzer. tively. The CWO reaction conditions and the result-

The average patrticle size for fresh and spent cata- ing BET surface areas are also listed in the figures.
lysts was ca. 7@um and the high molecular diffusivity =~ A notable reduction in surface area occurred with
of Oz in He ensured that the combustion rates were not increasing the reaction time of catalyst-mediated phe-
mass-transfer controlled. Moreover, assuming a heatnol CWO. The surface area decreased by 11, 6 and
of combustion of ca. 30 kJ/g [30] led to a temperature 14%, for MNG/CeQ,, Pt—-MnG/CeG, and Pt/ALO3,
difference between the catalyst surface and the gascatalysts, respectively.
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Fig. 2. Adsorption isotherms, BET surface areas and fractal di-

mensions for fresh and spent: (a) MsIOO,; (b) Pt—=MnQ/COy;
(c) Pt-ALOj3 catalysts.

The evolution with CWO conditions of the catalyst
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shown in Fig. 2a—c along with the corresponding sur-
face fractal dimensiorD). Without going through de-
tails, this surface fractal dimension can be thought of
as a measure of thieregularity of the surface delin-
eated by the boundary of the grains composing the
catalyst powder. The smoother their surface, the closer
the D to a value of 2, the more irregular the surface
the closer it is to a value of 3.

The fractal dimensions increase correlatively with
the decrease in BET surface area suggesting that the
“coked” catalyst surfaces became increasingly irregu-
lar and the relative sorption capacity of Niminished
while coke was being deposited. This may also be con-
firmed by direct inspection of the SEM photographs
in Fig. 3 which show that the lower surface areas are
the result of formation of larger size grains, while the
greater fractal dimension comes from the increased
disparities of the solid surfaces. Hence, the adsorption
isotherms of the catalyst surfaces are affected in vari-
ous extents by the different wet oxidation conditions.
The fractal dimension mostly affects the shape of the
adsorption isotherms in the upward curvature at high
P/P, ratios. The relative sorption capacity drops there
as a consequence of a depletion in the pores popula-
tion. Whereas for the region at loR/P,, the fractal
BET curves measured in our conditions appeared to
be fairly insensitive to the fractal character of the cat-
alyst surface.

As will be shown later, knowledge of the surface
fractal dimension will be useful in the derivation of a
burn-off kinetic model.

4.2. TPO-MS peak characterization

The TPO-MS profiles of evolved GOH20O and

Oz (in wmol/(g cat°C)) are shown in Fig. 4 for the
MnO,/CeQ, and Pt—-MnQ/CeQ; catalysts coked at
80°C for 15min, and for the PY/AD3 catalyst con-
tacted for 60 min at 17% with phenol. In all three
cases, no CO was detected. The coke formed on both
composite oxide catalysts was very reactive and burnt
at much lower temperatures than the deposit over the
Pt/alumina catalyst.

surface roughness was quantified using the modified 4.2.1. Carbon dioxide rate profiles

“fractal isotherm BET model” developed by Aguerre
etal. [31]. Predictions by fitting this model to adsorbed

The CQ evolution profiles for the ceria-containing
catalysts (Fig. 4a and b) exhibited quasi-symmetrical

nitrogen volume as a function of reduced pressure are Gaussian single peaks These “low-temperature”



MnQO,/CeO, fresh Pt-MnO,/CeO; fresh Pt/ALO; fresh

MnO,/CeO, spent Pt-MnO,/CeO; spent Pt/AL,O3 spent

Fig. 3. SEM photographs showing, respectively, fresh and spent: (a) and (b) MnO,/CO»; (c) and (d) Pt~-MnO>/CO»; (e) and (f) Pt—-Al,O3 catalysts.
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Fig. 4. Experimental evolution rates of GOO,, and HO during
TPO in 5% Q-He mixture at heating rate of°8/min of: (a)
MnO,/COy; (b) Pt—-MnQ/COy; (c) Pt—ALOs catalysts coked by
phenol.

bell-shaped signals culminated near 250 The

burn-off temperature window for the deposits was
unaffected by catalyst Pt-promotion. In addition,
no additional distinctive peaks emerged in the .CO
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profile of Fig. 4b. Hence during combustion, there

is no peak that could be assigned to Pt-catalyzed
oxidation of carbons interacting with the metallic

function.

The observed low-temperature combustion peaks
suggest the importance of a transition metal oxide me-
diated burn-off route. This route is explained by the
abundance, over the partially deactivated catalysts, of
surface manganese oxide and of ceria, a well-known
oxygen storage promoter [32]. A confirmation of avail-
ability, over spent catalysts, of accessible Mn and
Ce oxides is provided by the XPS measurements, as
shown in Fig. 5, in terms of percentage of abundance
of atomic Mn and Ce for different CWO temperatures
and constant oxidation timégx.

The carbon content and the Qptake for the spent
MnO,/CeQ» exceeded those for the Pt-promoted
MnO,/Cey (Table 1). It is inferred that catalyst
promotion with platinum curbed deposition of the
carbonaceous materials during the phasepbé-
nol conversionso that less oxygen was required to
burn-off the Pt—-Mn@/CeQ, organic overlayer.

Shape and width invariance of the g@volution
distributions as well as inhibition of the deposits by
Pt are indeed plausible indicators that it was in the
CWO phase, i.e. not during combustion, that platinum
altered the structure of the polymeric deposits. During
the TPO phase, the combustion mechanisms for both

30
tOX=1.5 min
« 20 f Mn (IV) ]
g
g a ey
< 15 } g
10} O ceav)
5 1 1 .
70 90 110 130
T (°C)

Fig. 5. XPS measurements of atomic surface composition of Mn
and Ce for spent ceria-containing catalysts at CWO temperatures
in the range (80-13@) andsox = 5min (percentage of Mn and

Ce at 130C extrapolated).
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Table 1
Catalyst characteristics and CWO operating parameters
Catalyst CWO temperature Reaction time, TC on catalyst O, uptake in
(°C) tox (min) (rmol/(g cat.)) TPO (umol/(gcat.))
Pt/Al,O3 fresh — - 0 0
Pt/Al203 175 60 3080 2430
Pt/Al,03 175 240 4670 3010
MnO,/CeQ, fresh - - 0 310
MnO,/CeQ 80 15 920 910
MnO,/CeQ 80 120 5830 4450
Pt—-MnG/Ce(O fresh — - 0 250
Pt—-MnG,/CeO, 80 15 830 860
Pt—-MnG/CeQ 80 90 4170 2730

spent catalysts are considered similar. This will be to oxidative environments both under CWO and TPO
confirmed later by the comparable values of activation conditions obviously precluded the occurrence of
energy, pre-exponential frequency factor and oxygen metallic Pt. The detailed high-resolution Pt s4d
partial order for the TPO of these catalysts. region spectrum (Fig. 6a) for the spent Pt/alumina
Assuming further that the Gaussian peak distribu- revealed indeed a binding energy of 315.5eV typi-
tion holds for the Pt/alumina catalyst, then the £O cal of PtO [27,29,34,35]. On the other hand, the Pt
profile can be fit usingone singlepeak in Fig. 4c. 4f7,2 XPS line for the spent Pt-Mn{ICeQ;, catalyst
This peak occurred at high temperature near°@30 (Fig. 6b) corresponded to two doublets at 73.5 and
and is typical for oxidation of carbons located on the 75.2eV which can be assigned to PtO and Pi&5],
metal oxide support [6]. Hence, itis very unlikely that respectively. In both cases, no surface metallic Pt was
the Pt-catalyzed carbon oxidation took place, since detected by XPS.
this step usually occurs at much lower temperatures
around 200C as reported by other investigators [6]. 4.2.3. Oxygen rate profiles
This finding further strengthens the above statement The oxygen consumption rate mirrored almost
that platinum does not catalyze combustion of CWO perfectly the CQ production rate (Fig. 4a—c). Fur-

deposits during TPO. thermore, as can be seen in Table 1, the number of
moles of @ consumed was seldom greater than the
4.2.2. Ptinertness in burning off carbon number of moles of C® produced. This result, al-

Two plausible reasons can most adequately explain though counter-intuitive, is easily explained since the
the lack in activity of Pt while the deposits over deposits themselves were already oxygenated due to
Pt—-MnG,/CeQ, or Pt/AlLO3 are being burnt off. the CWO reaction of phenol in the slurry reactor. It

Hindrance effect During phenol conversion, the was indeed shown previously by means of XPS and
metallic sites were progressively engulfed underneath static SIMS [28] that up to 25% of the surface carbon
the developing overlayer on the catalyst surface. Theseatoms were bearing oxygen. This “bound” oxygen
sites being buried and no longer accessible cannot cat-contributed thus to oxidize hydrogen and carbon in
alyze C (nor H) combustion during TPO. Such mere the carbonaceous layer. In view of the discussion from
geometrical interpretation is consistent with the de- the previous paragraph, it was unlikely that oxygen
clining Pt surface atom fraction as measured from XPS was further consumed by Pt. Furthermore, the Mn 2p
survey scans for spent Pt/&3 and Pt—-MnQ/CeOQ and the Ce 3d XPS line spectra remained unshifted
while phenol conversion was in progress. at BE = 6419 and 882.6eV, respectively, for all

Overoxidation deactivatian Deactivation by spent and fresh ceria-containing catalysts analyzed
overoxidation of Pt could be another cause why Pt in this study. These values corresponded to invari-
did not catalyze the TPO processes [33]. Calcination able +4 oxidation states for cerium and manganese
of the fresh catalysts and their subsequent exposure[28].
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catalyst seems, however, not to support this scenario
_ B.E;Sl(:; - (Fig. 4b). On the contrary, it suggests that the dynam-
| 2+ Pt oxidation state ics of H,O evolutions is characteristic of the com-
"} bustibility of the deposits which may depend on the
nature of the catalyst. Moreover, the coke overlayer
on the Pt—-MnG/Ce(, was definitely the most hydro-
genated.

Consistent with the above discussions, differences
in the water evolution kinetics may be ascribed to
variations in the deposit structure and probably not
to different combustion mechanisms. Hence the pres-
ence of Pt on ceria-containing catalysts affects the in-
300 310 320 330 340 350 cipient deposits only during phenol conversion in the

Binding energy (e V) CWO phase by promoting the formation of much hy-
drogenated coke laydown.

Intensity (a. u.)

(b)

B.E.=735eV B.E =752eV 4.2.5. H/C ratio in the carbonaceous deposits
2+ Ploxidationstate, 4+ Pt oxidation state Temperature dependent H/C ratios are plotted in
Fig. 7 for the runs depicted by Fig. 4a—c. These ra-
tios, computed from % Ratey,0/Ratgq,, can be in-
terpreted only over the temperature range where both
H,0O and CQ were detected meaningfully. By mean-
ingful detection, it is meant only over a range where
their proportions were reasonable. The high H/C ra-
tios, up to 2.5 in the case of the Pt—-MyQe(, de-
posit, was indeed an indication of hydrogen-rich de-
posits and also of the larger rates of hydrogen com-

IR A . bustion with respect to that of carbon. Interestingly,

g energy (eV) . .
these ratios were greater than the H/C ratio in phenol,

Fig. 6. (a) Spent Pt/AID; catalyst: Pt 4¢/» XPS high-resolution i.e. HC=1.
spectrum. (b) Spent Pt-Mn@Ce( catalyst: Pt 4f, XPS
high-resolution spectrum.

Intensity (a.w)

4.2.4. Water rate profiles .5 b @ 1: Mn02/Ce02
Water rate profiles exhibited much more complex ‘ 2: P-Mn02/Ce02

shapes depending on the catalyst (Fig. 4a—c). The 2 | 3:Pralumina

poor signal-to-noise ratios of the water MS signals of ¢,

Fig. 4a and c indicate that the carbonaceous deposits = L5

@

over Pt/alumina and MngCe(G, were poorly hydro- 1k
genated.
For the unpromoted ceria-based catalyst, the max- 05

imum water production rate occurred long after the
CO, production was initiated. Detectable water fluxes
persisted beyond the temperatures wher @@s no

longer evolving (Fig. 4a). This might be ascribed to
pOSSIble artifactual delays byZED re—adsorpnon on Fig. 7. Temperature-dependent H/C ratio for the spent: (1)

the non-heated tubes carrying the off-gases from the pmno,/co,; (2) Pt-MnG/CO,; (3) Pt-ALO; catalysts coked by
reactor to the MS. The TPO of the Pt-Mp/Ce phenol in the CWO of Fig. 4.

100 200 300 400 500 600
T (C)
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c— I (pyrolyzed) coal- and wood chars [30,37] has been
M —'C* + OzL’ —C[O,]* generated in studies on the burn-off kinetics of coke
o— 2 formed on cracking, reforming and selective hydro-

genation catalysts [24—26]. Unfortunately, concerning
guantitative approaches to the combustion kinetics of
carbonaceous materials deposited during wet oxida-
tion, not even asingle studyis available in the open
literature.

By analogy, it is postulated thus that the quantita-
Fig. 8. Proposed combustion scheme of carbon occurring in Cwo tive phenomenological approach for char combustion

carbonaceous layers as observed by TPO. [30] is also true for the combustion of CWO coke.
Hence, the combustion pathway depicted in Fig. 8

5. Combustion pathway will be modeled using the following general rate
equation:

A plausible fundamental mechanistic pathway un- E
derlying the combustion features of carbon accord- R = ko exp(—ﬁ) [O2]™e(X) 3)
ing to the previous TPO observations could be as
sketched in Fig. 8. This scheme is an offshoot of a Where the last tern€(X), can be thought of as a relative
mechanism recently proposed by Brown and cowork- change in available carbon or surface area during coke
ers [26,37] to describe the fate of burnt carbon during combustion. From purely geometrical considerations
the TPO of cokes building up on cracking catalysts. and as suggested earlier by the BET specific surface
As proposed here, it stipulates that a free carbon site, areas, this function describes the departure of the pore
—C*, in the form of carbon—carbon, carbon—metal or Surface area from the initial one as a function of coke
carbon—oxygen is available for,Gthemisorption to conversion. This conversion is approximated by the
form an undissociated dioxygen oxideC[O2]*. The conversionX of the residual carbon defined as
formation of dissociated surface oxidesC[O]* is [C]
very unlikely since no carbon monoxide was detected X =1- [Clo (4)
in the present study. Hence, the first step involves .

the adsorption of molecular oxygen onto a carbon of 'NWhich [Clo is the concentration, inmol/(g cat.), of
the carbonaceous overlayer to form a relatively sta- total_ carbon measureq by elemental analysis, de _[
ble oxygen-bearing surface complex. This step is fol- the instantaneous residual carbon after a certain time

lowed by the desorption of undissociated oxide species & 't Was derived by conversion of the MS signals into
—C[O2]* leading to CQ (step II). An alternative route wmol/(g c_at.) (see Egs. (1) and _(2))'
may also contribute to the heterogeneous elimination . Recasting Eq. (3) for the non-isothermal coke burn-
of CO, in which the complex of step | combines with N9 N TPO experiments by introducing the carbon
oxygen via step IIl. From this proposed scheme, it can CONVersionX, and the heating rat, gives
be expected that the overall combustion reaction order gx ko E
with respect to oxygen will be 1 when steps | and/or — = Zr—— €xp| —5= ) [02]"£(X) (5)

/9 a7 B[Clo RT
[l are rate-determining. On the contrary, a zero-order o _
dependence means that step Il is the slowest. An or- Application of Eq. (5) to our data rests on proposing

der between 0 and 1 forQvould hence indicate that ~an expression for the surface functigx). To accom-
all three steps are competing. plish this task two equivalent ways may be advocated.

The first uses the Langmuir—Hinshelwood framework
wherein the species intervening in Fig. 8 pathway are
6. Kinetic model for carbon dioxide evolution viewed as adsorbed/desorbed reactants and products
[7,24,26]. This approach camouflages the landscape
An overwhelming amount of literature regarding topology of the surfaces to be burnt into rate and ad-
the combustion kinetics of amorphous carbon, coal sorption equilibrium constants. The second approach
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Table 2
Pore models tested against present TPO measurements
Grain model [Ref.] £(X) Parameters
Power-law [39], volume-reaction @a-x" n: no physical meaning
model [38], homogeneous
model [30]
Fractal power-law (this work) (1— x)b3 D: fractal dimension of cata-

(l _ X)n

Structural non-overlapping [38]

lyst BET surface area

JI—X

1+[o/(2n - DA~ X)" —

Z: Pilling—Bedworth ratio;
o function of surface rate
constant, grain initial area,
product layer diffusivity,
porosity

(1=X)"(1+(Z - DXI-2m)]

Nl

if n =

14+0v/I=X[IN(1—(Z - DX) — In(L— X)]

Pore tree [40]

1-X)y/1— X + X&5?!

1-X)vI—¢MIT=X)

BoIn(1l— X)
1-Xx) [1- T

InL — X)
(1-X) /1+7|n(1—su)

Al=X)VX

Random pore [41]

Random capillary [42]

Bifurcated pore [43]

Semi-empirical structural [44]

£o: initial porosity

f: structural parameter

Bo/B1: pore length (surface)
constants

gp.+ initial micro-pore porosity

A: adjusted constant

uses pore models [30] or volume-reaction (or homo-
geneous) models [38] fai(X), and will be adopted in
the following development.

A summary of the varioug(X) pore model expres-
sions is provided in Table 2. An overview of these
models and their accuracy in predicting kinetic data
is discussed in detail in [30,38]. Among these pore
models, the power-law grain model is probably the
simplest one.

The pore models, presented in Table 2, were fit-
ted to the TPO data of MnflCeQ, spent catalyst
coke combustion as depicted in Fig. 9. Values of
the pre-exponential factat,, the activation energy,
E and the partial order with respect to oxygen,
were identified. Parameter identification was per-
formed by means of an unconstrained optimization
method using a mixed quadratic-cubic line search

procedure (Matla@ Software from MathWorks). The

X; (integrated), C@ conversion data:

> (X — Xi)?

i

. 1
B Ndata

(6)

02

From Table 3 and Fig. 9, it can be seen that the
much simpler four-parameter power-law grain model
performed better than the rest of the pore models so
that no substantial gain was attained using them on
our experimental kinetic data. The same parameters
(E, ko andm) were obtained for the pore tree, the ran-
dom pore, the random capillary and the bifurcated pore
models, whereas the power-law grain model predicted
higher activation energy and oxygen partial order. The
power-law grain model suggests that steps | and Il in
the combustion pathway (Fig. 8) are rate-controlling
as the oxygen orden was unity. The fittedn order
for the other pore models, on the contrary, predict that

goodness-of-fit of these models was assessed by thestep Il retardation is not marginal.

minimization of the objective function of the residuals
(or variance) between measurexX}, and predicted,

The simplicity and accuracy of the power-law grain
(or homogeneous) model justify its subsequent use for
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1.5E-02
o Exp.
Pore tree
12802 | ... Random pore
Random capillary
HG 9.0E03 F - Bifurcated pore
<
Power law
g
¥ 6.0E03
3.0E-03
0.0E+00 L"&

100 150 200 250 300 350
Temperature ("C)

Fig. 9. Experimental versus simulated £€onversion profiles with various structural pore models. Coke formed on XG&D, catalyst.
CWO conditions:T = 80°C, rox = 15min, Po, = 0.5MPa.

all spent catalysts studied in this work. Usually, the are listed in Table 4. Fig. 10a—d illustrate the fit to the
parameten has been assigned no physical meaning. TPO of the catalysts aged under the CWO oxidations
From geometrical considerations (see Appendix A), summarized in Table 4.

the values of the fractal dimension measured previ- The most meaningful data quoted in Table 4 are
ously can be used instead of the paramatddenti- the oxygen partial order and the activation energy.
fying nto %D highlights a relation between the coke Comparison of the rate constant parameters, that
reactivity to combustion and the topology of the spent is activation energy and pre-exponential frequency
catalyst surface. Under these circumstances, the num-factor, are consistent with the compensation effect
ber of adjustable parameters in the power-law grain [26]. For example, the coke formed over Pt-@§
model reduces to three, i.&, ko, andm, and Eq. (5) after 60 min aging exhibited low activation energy

becomes and low pre-exponential factor compared to that
dx i E aged for 240 min. The higher activation energy and

—_0 m D/3 i} ; ; A
— = expl —— | [O 1-X 7 re-exponential factor in the latter case indicate
T = BC p( RT)[ 2l"(1-X) () pre-exp

that the deposited coke was more difficult to ox-
Optimized parameters required to represent by Eq. (7) idize and required a higher temperature range to
evolved CQ during TPO of CWO coke deposited on undergo complete combustion (see also Fig. 10c
the spent MN@/CeQ, Pt—-MnGQ/Ce( and Pt—AbO3 and d).

Table 3

Comparison of six literature models for “coke” combustion over MIC2CO, spent cataly$t

Model E (kJ/mol) ko m Model parameter Error
Power-law' 71.6 & x 104 1.0 n =097 351072
Pore tree 53.4 B x 10° 0.24 g0 =0.24 103<10°2
Random pore 53.4 8x10° 0.22 ¢ =29 66x102
Random capillary 53.4 Bx 108 0.22 By, =1.37, By = 0.27 66x102
Bifurcated pore 53.4 Bx10° 0.22 ep =0.33 73x10°?
Semi-empirical structure 48.9 Bx 10° 0.36 63<102

@Phenol CWO:rox = 15min, Po, = 0.5MPa, T = 80°C.
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Table 4
Optimized rate coefficient parameters ang i®action orders for the fractal power-law grain model for the different spent CWO catalysts
Catalyst CWO temperaturé @) Po, (MPa) tox (min) E (kJ/mol) ko m %D
MnO,/CeQ, (Fig. 10a) 80 0.5 15 72 Bx 10° 0.80 0.85
Pt—-MnG/CeQ, (Fig. 10b) 80 0.5 15 84 Bx10° 1.0 0.84
Pt/Al,O3 (Fig. 10c) 175 1.5 60 53 .9 x 10¢ 0.44 0.78
Pt/Al,03 (Fig. 10d) 175 1.5 240 88 8x 10° 1.0 0.82
0.016 0.006
0.005 |
0.012
~ ~ 0.004
3 P
= 0.008 : 0.003
2 2
0.002 |
0.004
0.001
0 1 0 f
100 150 200 250 300 350 400 100 200 300 400 500 600
T(CO T (°0)
0.016 0.006
0.005
0.012 |
~ ~ 0.004
% 0.008 | % 0.003
0.002
0.004 |
0.001
0 0 =
100 150 200 250 300 350 400 200 300 400 500 600 700

T (°C) T (O

Fig. 10. Measured and simulated €©onversion evolution rates during TPO of spent: (a) MICID,; (b) Pt—=MnG/CO;; (c) and (d)
Pt—-Al,O3 catalyst.

As speculated earlier (Fig. 8), the oxygen par- sure were characterized by very close kinetic TPO
tial orderm lies in the range (0-1) [30,45-47]. For parameters, i.e. oxygen partial order, pre-exponential
Pt—alumina,m increased from 0.44 to 1.0 when the factor and activation energy. These results are not sur-
CWO exposure was increased from 60 to 240 min. prising and agree well with the interpretations pro-
This might indicate that the combustion mechanism vided in Section 4.2.1.
of Fig. 8 changed from a mixed-control at low CWO
exposure timestgx = 60 min) to I-Ill step control at
high CWO exposure timesdx = 240 min). 7. Conclusion

Interestingly, the cokes deposited over Pt—-MhO
CeG and MnQ/CeG catalysts under the same CWO The burn-off kinetics of three spent wet oxidation
conditions of exposure, temperature and oxygen pres- catalysts, “coked” with phenol in a slurry reactor, were
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measured, interpreted and modeled using a modified “topochemically” as combustion evolves so that

fractal power-law grain model.

its geometrical parameters are preserved. Since the

Interpretation of the observed TPO evolution rates spheroid surface is fractal, with fractal dimensibn
of water, oxygen and carbon dioxide led to the follow- we can write

ing conclusions:

1. For the Pt-doped catalysts, the noble metal did not
catalyze the burn-off of the carbonaceous materials.

S =yat?
V =yyed

(A.1)
(A.2)

2. The absence of carbon monoxide in the combus- ;.\ hich ¥ andyy are area and volume shape fac-
tion gases suggested that the heterogeneous e”mi'tors, respectively.
nation of CQ resulted from two reaction steps, the  As5ming that the coke density is constant during
desorption and/or the interaction with oxygen of e o6 rse of combustion and that mass conversion
an undissociated dioxygen-bearing surface carbon ot w6 carhonaceous material is equal to the carbon
species. . conversionX, we have the following proportionality:

3. The severity of the CWO appeared to have an im-
pact on the kinetic parameters of the £urn-off E=J1—X (A.3)
p_rofiles. Low-s_everity coke_s on P_t/alumina burnt As said previously£(X), is a measure of the rel-
K% 2tg|§sm (k:)lj;tg;?] [r)r;ergg;a\ erjgl E’)v zz)ltv-\ll-?]ecﬁg;o' gtive ghange in available surface area. This function
severity cokes burn-off was not limited by the phys- eS(.:n_b.es the departure of th.e pore surface area from
ical desorption of the undissociated dioxygen in- the initial one [30] as a function of coke conversion.
termediate species (oxygen partial orgef..0). We have thus

4. The activation energies and oxygen partial orders y(x) = § = (1 — x)P/3 (A.4)
for the low-severity coke over Pt-promoted and un-
promoted ceria-containing spent catalysts did not Replacing in Eq. (7){(X) by Eq. (A.4) gives
differ by more than 20%. This might suggest that dx i E
the deposits obeyed identical combustion mecha- == — _"%_ exp(——) [0.]" (1 — x)br3 (A.5)
nisms where physical desorption of the undissoci- dar  plC] RT
ated dioxygen intermediate species was fast.
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Appendix A. Expression of¢(X) as a function of
the fractal dimension D

We assume that the (coke catalyst) assem-
blage looks like spheroids of characteristic length
&. We further assume that the spheroid size shrinks
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