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The kinetic parameters of reactivation of a carbonized hydrodesulphurization (HDS) catalyst by 
air were evaluated from combined thermogravimetric (TG) and differential thermal analysis (DT A) 
data. In addition, the gaseous products leaving a temperature-programmed reactor with a thin 
layer of catalyst were analyzed chromatographically. Two exothermic processes were found to take 
part in the reactivation, and their kinetics were described by 1st order equations . In the first 
process (180 - 400 0C), sulphur in Co and Mo sulphides is oxidized to sulphur dioxide; in the se
cond process (300·- 540°C), in which the essential portion of heat is produced, the deposited carbon 
is oxidized to give predominantly carbon dioxide. If the reaction heat is not removed efficiently 
enough, ignition of the catalyst takes place, which is associated with a transition to the diffusion 
region. The application of the obtained kinetic parameters to modelling a temperature-program
med reactivation is illustrated on the case of a single particle. 

The principal cause of the decrease in the activity of catalysts during the catalytic process is 
deposition of carbon (coke) on their surface. The activity can be restored to nearly its initial value 
by reactivation consisting in a removal of the deposits by controlled oxidation. 

At lower temperatures, where the combustion of the deposits is not very vigorous, the mass 
transport and heat transfer are sufficient to eliminate concentration and temperature differences 
between the centre of the catalyst particle and the streaming gas, and the reaction proceeds in 
the kinetic region. As follows from the extensive kinetic study of reactivation of carbonized 
catalysts (e.g., refs! - 3; for a survey see ref. 4 ), the reaction of carbon with oxygen is first order 
with respect to the two reacting components; only if the mass concentration of carbon is higher 
than as corresponds to its monolayer (approximately 5% per 100 m2 / g surface area), the reaction 
order with respect to carbon is lower at the beginning of the reaction. The rate of reactivation 
is comparable with that of oxidation of graphite unless transition metals are present in the catalyst~ 
otherwise the reaction proceeds appreciably faster. 

At high temperatures the reaction is so fast that the mass transport fails to make up for the 
concentration differences; a sharp boundary is established between the unreacted shrinking core 
and the reacted inert layer. The rate of the reaction taking place at this interface is determined by 
the rate of oxygen diffusion through the reacted inert layer. The kinetics of reactivation in this 
diffusion region has been treated 2

.
5 in terms of this concept. 

For the present address seeb
• 
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In the inte rmedia te region between these cases. smooth concentra ti o n profiles o f both the ga;e
ou; a nd the solid co mpOnents a re established within the particle. The mathema tica l treatment o f 

the reac ti o n in thi s regio n is ra the r complica ted: suitable procedures for the so luti on of an iso
therma l particle we re on ly pub lished in the la te ;eventic;6 The ;tabilit y analysis7

• however, indi

cates that for highly exothermic oxidations the rea ctio n course in thi s int e rmediate regio n is un
stab le. a rapid transiti o n to the dilTusio n regio n taking place a fter the igniti o n tcmpera tun: is 

s urpa ssed . In this region, where the reac tion proceeds rapidly particularly in the initial stage, 

the cata ly; t ma y overheat to lose it s activity irreve rsib ly. The maximum temperature difference 
between the particle and the ga s in the diffusion region can be calc ulated by the meth od of Luss 
a nd Amund son 8

. 

T he p roblem o f preve nting the ca tal yst from over hea tin g is of prac tical impo rtan ce. For the 
cata lyst reactivation directl y in the ca tal ytic rcactor. the air delivered is us uall y ra refied appreciably 

with nitrogen9 o r stea m tO to reduce the reac tion rate. If the reactivation is carried o ut off the 
catalytic reactor t 1,12, the catalyst is formed into a thin laye r o n a m ov ing con veyer belt (gr id); 

t he reactivation is initia ted a t a lo w temperatu re, rai sed g rad uall y during the reaction. The air 

fl ow rate must be he ld hi gh enough fo r an efficient removal of thc reaction heat and prevention of 
the cata lyst from ignitio n . Undcr~tanding the kinetics of processes ta king place during the ox ida

ti o n of a ca rbo nized ca ta lyst is prerequisite fo r design ing a suitab le reactivation equipmcnt and 
ac\jw,tin g the appropriate techn o logica l cond iti o ns. 

ln the majority of pape rs concerned with the react ivat io n of ca t a l y~tst - 5 . o nl y the combustion 

of carbo n in the deposit has bec n so far dealt with. However. with hydrodesulphuriza tio n (I-IDS) 

cata lysts the situation is more intrica te, sulpllides of cobalt a nd m :J lybdenuJ11 being a lso ox idized 
to the corresponding oxides. The kinetics o f the processes in volved has not been as yet describe . 

The aim of the present study was to identify the reactions participating in the oxi
dation reactivation of a cobalt-molybdenum HDS catalyst and to determine their 
kit~ etic parameters. A combination of thermogravimctJy (TG) and differential ther
ma l analysis (DTA) was employed for thi s purpose. For the identification of the pro
cesses , the combu stion products form ed in a temperature-programmed reactor 
(TPR) were also analyzed. Thi s approach was a pplied with a view to using the results 
for modelling the course of the reactivation in a thin catalyst layer where the tempe
rature of the admitted air is gradually increased. 

THEORETICAL 

In the study of the reaction kinetics in so lid- gas systems, data are usually treated in 
the form of the dependence of mass or concentration on time, measured in isothermal 
differential reactOl s for several temperature levels. Methods have also been devised 
based on nonisothermal data obtained with a linearly increasing temperature l3 - 1 S, 
where the quantities followed are the temperature dependences of the mass loss (TG), 
or of the temperature difference between sample and environment, or of the concen
tration of the gaseous component. Here the following conditions must be sa ti sfied : 
the temperature difference between sample and the surrounding gas mus~ be low 
enough to ensure a linear sample temperature ri se with time; the gas flow through the 
celJ must be fast enough for the conditions to approach those in a differential reactor; 
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the grains of the solid should be small in size for the reaction to proceed in the kinetic 
region; and the sample should be in a good contact with the streaming gas . 

The used nonisothermal method appears adequate for the description of the reac
tivation kinetics of HDS catalysts at a programmed temperature rise. The integrated 
form of the kinetic equation was used for the evaluation of the kinetic paJ ameters; 
this approach seems to be the most suitable with regard to the nature of TG data. 
Since the reactivation is I st order with respect to the solid as well as to oxygen, the 
integration of the kinetic equation, in the conditions of a linear temperature rise 
(T = To + Ot) and a constant partial pressure of oxygen, is a simple matter. We can 
write 

-dYjdT= (Z jO)exp(-EjRT) Y, (1) 

where Y = csjc~ and 0 = d Tjdt. The fI action of the unreacted solid (carbon), Y, is 
calculated as 

Y= exp(-I), (2) 
where 

J = (Z jO)f
T 

exp(-EjRT)dT. 
To 

(3) 

If the reaction does not yet proceed at temperature To, this integral can be expressed 
as a series 13 

I = (ZTjO) exp (- U)(l jU - 2jU 2 + 6jU 3 
... ), (4) 

where U = EjRT 
The kinetic parameters Z and E are determined from the experimental dependence 

of Yon temperature. If the parameters are determined from the TG measurements, 
the fraction of the unreacted solid is determined as 

(5) 

whereas if DT A data are employed, Y can be calculated as 15 

IT., 1fT., 
Y = T LlTdT To LlTdT. (6) 

The integral in the denominator of Eq. (6) equals the area enclosed by the DT A peak, 
the integral in the numerator is the corresponding fraction of tbis area. The E and Z 
parameters are determined by minimizing a response function, which is conveniently 
chosen in the form (nonlinear regression) 

(7) 
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where the subscripts cal and obs refer to the calculated and observed values, respec
tively. 

EXPERIMENT AL 

Catalyst. CH EROX 3600 (Chemickc zavody, Litvinov), a coba lt- mol ybdenum catalYM (CoO, 
Mo03 , A1 20 3 ) , was used. During it s pretreatment, Co and Mo oxides a re converted in part or 
totally to the sulphides, which is accompanied by a lowering of the va lency of molybdenum 
(Mo(YI) -? MoOY». The samples employed had los t their activity due to the formati on of deposit 
during their 15 months service in the hydrodesulphuriza tion of crude oil. The catalyst had a shape 
of cylindrical pellets 7'5 mm in diameter and 6· 5 mm hi gh, its colou r was black in the deactivated 
~tate and grey-blue in the reactivated and fresh sta te. The deactiva ted ca tal y~t contained I· 54% Co, 
5'06% Mo. 10'2% C, 3'7% S, \'4% H (mass %. a ll with respect to undried ca taly~t) . The l o~s by 
annealing (3 h in vacuum) was 9'4%. The bulk densit y was 0·72 g/cm3 , density of pellets (appearent) 
Qp = 1·25 g/cm 3

, specific heat cp = 0'84 J/ gK. specific surface a rea 120 a nd 180 m2 /g fo r the de
activated and reactivated samples, respectively. 

TG and DTA measurements. The thermogravimetry da ta were ob tained on a Derivatograph 
instrument (MOM, Budapest) recordin g si multaneously the temperatu re dependences of the ~a m
pie ma~s (TG) and the temperature differenc(: between sa mple and the surrounding atmosphere 
(DTA). A monolayer of 0'1 to 0·2 g of the ground cataly~ t (0'16 to 0·25 mm) was laid on platinum 
plates forming a five-level cascade to ensure a good contact with the atmosphere. The reference 
(differential) thermocouple was placed in the ~ame type of holder (without sa mple). The arrange
ment is shown in Fig. 1. Air in the desired flow rate (1 ' 5 to 2'5 cm 3/s) was supplied to the upper 
part of the cell through a ceramic tube. and withdrawn through an opening in the cell bottom. 
The ceramic support of the sample holder is brought out to the balance beam of the instrument. 

Temperature-programmed reactor (TPR) . In addition to the TG and DTA measurements, 
experiments were performed in a tubular flow reactor with a linear progra mming of the temperatu
re of the air supplied. Since the air was delivered in excess, the oxygen concentration in the reac tor 
was virtually identica l with that in air. The contents of CO 2 ,S02' H 2 0, and CO in the combustion 
products were monitored at the exhaust. 

The reactor (Fig. 2) was con5tituted by a stainless steel tube, i.d . 6·8 em and length 30 cm, 
provided with a heat isolation of a 3 cm layer of kaolin wadding and an asbestos rope. Air entered 
the bottom part of the reactor, where it was heated by a resistance heating coiled on a ceramic 
cylinder. The linear temperature rise was provided by a TR 10 thyristor controller equipped with 
a GP-1 graphic programmer (Development Worksh op of the Czechoslovak Academy of Sciences, 
Prague); the temperature sensor, a platinum resi5tance thermometer, was in contact with the 
heating element. 

To eliminate radial temperature gradients, the preheated air was passed through a 3 cm layer 
of ceramic saddles and an additional layer of inert alumina pellets of the ~ame size as the catalyst 
This layer accomodated thermocouple Tl indicating the temperature of the air supplied. The 
catalyst bed was constituted by one or three layers of pellets, accomoclated in an a sbestos tube 
2· 5 cm high, i.d. 4 cm, which reduced the heat removal throu gh the walls. In experiments with inert 
pellets, the temperature differences within the bed never exceeded lO°e. Thermocouple T2 was 
pOsitioned immediately after the catalyst bed in the layer of inert pellets. The two thermocouples 
(T1, T2) provided data of the temperature difference between the two sides of the catalyst layer, 
!:iT, in dependence on the temperature of the air delivered , T. 
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Allaly.!is 0/ the COlllbuHion products. T he rel a ti ve cont ents of the components in the gas products 
we re determined chromatographica lly on an SCH in st rument (Che mo projek t, Satalice) equipped 
with a thermal co nducti vity detector. Samples were in jected in 5 min interval s. Carbon dioxide 
was determined at 50°C in a column of Porapa k Q (80 - 100 mesh, column length 0·5 m, diameter 
2 mm. ca rrier gas H 2 • flow rate 30 ml / min). Water a nd sulphur dioxide were determined simul
taneously at 90°C in the sa me co lumn as CO 2 , carbon mon ox ide was determined at 90°C in 
a column of molecu lar sieve 5A (60 - 80 mesh. co lumn length I m, diameter 2 mm, carrier ga s 
H 2 • /low rate 30 ml / min). The peak sequence on Porapak Q was: air, CO2 , H 20, S02; on sic\'e 
SA : 02' N 2, CO. The component contents were evaluated based on the pea k heights. 

RESULTS AND DISCUSSION 

Qualitative Treatment 

A typ ical TG-DT A record is shown in Fig. 3. The DT A baseline was determined based 
on r epeated meas urements on the oxidized (reactivated) catalyst (the thin line in F ig. 
3). As the DT A record demonstrates. a slightly endothermic process occurs at low 
temperatures (up to approximately 180 °e). Above 200 °e. two exothermic processes 
sta rt to appear, characterized by two partly overlapping DT A peaks with their maxi
ma a t 295 and 465°e. The mass loss accompanying the first exothermic process is 

_c 
T2 

' E 

G 

FIG. 1 

Cell for TG and DT A measurements. A 
resistance furnace, B quartz housing, C 
sample holder D reference holder, E air 
supply, F support G combustion products 
withdrawal, T1 reference thermocouple, 
T2 sa mple thermocouple 

B 
E'' 

T2 

/' 
T1 

H' 
0 

G 

FIG. 2 

Temperature-programmed reactor. A reactor, 
B thermal insulation, C resistance heating, 
D ceramic sadd les, E inert pellets, F catal yst 
pellets, G platinum thermometer of the 
controller, H asbestos tube, T1, T2 thermo
couples 
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small, it s rate is nearly iden tica l with tha t o f the ma ss lo ss a rtel the fini shed oxida ti o n 

a t temperatures a bove 540 cc. A marked loss of mass is o bse rved in the temperature 

region of 300- 540c C , the rate of the l o ~s being highest a t 460°C. 

Expeliment s in the TPR were carri ed ou t using one or three layers o fpeJiet s and ap
plying a temper a ture ri se rate o f () = 1· 87 K /min a nd a fl ow ra te of V = 167 CIllJ / s. 

In the former case, the bed vo lume was v = 10 em 3
, so the space velocity wa s VI/) = 

= 16·7 s - J; in the latter case, v wa s 39 cm 3
, Vlu = 5·56 s - I. Figs 4 a nd 5 illu stra te 

experiments in the TPR at the higher space ve loc ity (one pellct layer). The re sult s 

are presented in the fOfm of depend ences of the temperature dilrerence Ll T <l1:d the 

rel a tive contents of CO 2 , S02, and H 20 o n the temperature o f the gas supp lied . The 

dependence of LlT on T (Fig. 4) exhibits two not complctcly sepa ra ted peak s with 

their ma xima at about 270 a nd 410°C. As a nticipated , the peak max ima for the TPR 

are s light ly shifted to lower te mpera t ures as compared with the DT A experiment s with 

a faster temperature ri se. 

As is clear from Fig. 4, the course o f the content of S02 in the combustion products 

corresponds with the fir st peak in the Ll T us T dependence, the content of CO2 

corresponds with the second peak. Wa ter vapour (Fig. 5) is being evolved fo r nea rly 

the whole time of reactivation (most o f it , in the region of 70-200°C). The shape of 

the dependence of the water content virtually co incides with tha t obtained for an 

DTA 

TG 

20 

1 
W.mg 

1.0_ 

20 200 cro 
T.'C 

FIG. 

TG -DTA record. B = 4·74 K/ min, Wo = 
= 219 mg; V = 2·5 cm3/s; the baseline is 
drawn in a thin line 
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experiment conducted under nitrogen; hence, the majority of the water is desorb
ed from the catalyst surface rather than formed during the oxidation of the deposit. 
Water seems to be bonded to the catalyst in several forms who~ e thermodesorp
tion peaks overlap each other. Because of its low content in the gas, carbon monoxide 
could not be detected reliably; small amounts were only traced at about 450°C. 

The results for the TPR using the lower space velocity (three pellet layers) are 
summarized in Figs 5 and 6. Below 300°C the !::..T vs T plot (Fig. 6) resembles that 
for the preceding case; at approximately 320°C the dependence ri ses slowly at the 
beginning and more rapidly later, and ultimately a dramatic temperature increase 
appears: the catalyst is ignited (ignition temperature 340°C). After surpassing the 
temperature of 360°C (!::..T = 240°C), the plot descends rapidly; the catalyst layer 
becomes extinct at 380°C, and at 400°C, !::.. T is as low as 20°C. The dependence 
ascends again slowly to form a lower peak at 460°C. At 520°C the heat-producing 
process is virtually finished, the catalyst has been oxidized. 

Thc temperature dependence of the content of CO 2 is similar to that of!::.. Tstarting 
from the temperature of 300°C. As to S02' below 300°C its temperature dependence 
copies the first peak of the !::..Tvs Tdependence; at 310 - 330°C no S02 can be detected, 
whereas after the ignition it appears again to give rise to a sharp narrow peak, though 
lower than the corresponding peak of CO2; and no additional S02 is evolved at 
higher temperatures. Up to the temperature of ignition, the water content varies 
similarly as in the case without ignition (Fig. 5). The ignition was accompanied by 
only a twofold increase in the content of water, while the content of CO 2 increased 
multiply . After the extinction the water content decreased slowly. 

I . 

c(Hp) 
() () 

() 

500 

FIG. 5 

Dependence of the concentration of water vapour on the temperature of the air delivered (TPR). 
O=1'87K/min; 0 no ignition (V/v= 16'75- 1) •• experiment under nitrogen (V/v = 16·7 
s-I), () case with ignition (V/v = 5·56 S-I) 
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The results can be interpreted as foll ows. The initial slight ly endo thermic process 

may be associated with the desorption o f water. During the first exo thermic process, 

S02 is formed by oxidation of sulphides o f cobalt a nd mo lybdenum to the oxides, 

e.g., MoS 2 + ~02 = Mo03 + 2 S02' The stoichio met ry together with the initial 
sulphur content (3'7%) acco unts for the small mass loss o bserved during the first 

process. It is difficult to determine the time that the process is fini sh ed because, in 

view o f the lower sensitivity of the ana lytical method with respect to S02 , the ending 

o f its peak does no t indica te terminati on of the plOcess. On the contrary, a t the 

m o ment of ignition the reaction a pparentl y has not fini shed , S02 being detected 

again as a sharp narrow peak. The termina tio n o f the ptocess cannot be determined 

based on the .1 T record either because the .1 T peaks of the two exo thermic processes 

arc not well reso lved . The combustion to SOl occurred in both cases (slowly) in the 

kinetic regime, where the ra te of the process is determined by the chemical reaction. 

In the second exo thermic process, which is accompanied by a marked mass loss 

and generation of a considerable a mount o f heat , the carbon deposi ted (10'2%) is 

burnt to give predominantly carbon diox ide. If the hea t is removed efficinetly and 

the temperature rise is not too rapid , the reactio n proceeds slowly near the kinetic 

region , but if the heat removal is in sufficient , the combustion of carbon can bring 

about unwanted ignition of cata lyst. The reaction temperature then increases to the 

po int that diffusion becomes the ra te determining step, and the combustion of the 

d epos it can be treated in term s o f the shrinking unreacted-core mod el in which the 

2 
1 
3 

~ 

l>r."C ____ D _ 
-I 

-- - --- --- --- -- - ------ ------

2\Xl 300 5CXl 
T. DC 

F IG. 6 

Dependences of the temperature difference 
a nd of the outlet concentrati ons on the 
temperature of the a ir delivered (TPR). 
0 = ] ,87 K / min, V/v = 5·56 S-I (ignition); 

1 S02' 2 CO2 , 3 I!.T 
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Kinetics of the second exotherm ic process. 
Experimenta l va lues from the TG mea
surements (Table J); series: 0 ] , () 2, () 3, 
• 4. The curves correspond to calculated 
dependences, 0 (K/min): 1 4' 6, 22,15 



3348 Fott, Sebesta: 

process is controled by the diffusion through the reacted inert layer. Immediately 
after the ignition the reacted layer is very thin and thus the rate of combustion and 
consequently also the catalyst temperature are highest8

. As the thickness of the 
reacted layer increases, the reaction rate decreases since the diffusion path length is 
extended and the interface area reduced. As a consequence, the rate of heat generation 
also diminishes and the reaction becomes extinct. 

The shrinking unreacted core could be observed on sections of the pellets taken 
out in various time intervals after the catalyst ignition; the unreacted core was dark 
in colour, whereas the oxidized layer was light grey-blue. Pellets taken out of the 
reactor immediately before the ignition were uniformly dark across the entire cross 
section; this bears out the assumption that before the ignition the reaction occurs in 
the kinetic region across the pellet bulk. Unless ignition took place, the colour 
of the section varied with increasing temperature from dark black through grey to 
light grey-blue; the colour was un if 01111 across the section, hence, the reaction occurred 
in the kinetic region. Similar differences in the pellet sections for the kinetic and the 
diffusion regimes have been observed by Weisz and Goodwin 5

. 

Since up to the moment of ignition the reaction occurs near the kinetic region , 
the kinetics of the chemical processes determining the reactivation rate are relevant 
for the kinetic description of the temperature-programmed reactivation. 

Kinetic Parameters 

The kinetic parameters of the reactivation were evaluated based on four thermo
gravimetric measurements whose conditions are given in Table 1. The partial pressure 
of oxygen in the sample cell was deemed constant and equal to that in air. As follows 
from a mass balance of the cell, for the maximum observed rate of oxidation of 

TABLE 1 

Conditions of the TG and DTA measurements . Grain size 0,16-0,25 mm 

Series 
No K /min 

3 
4 

4·46 
4·55 
4'74 
2'15 

Wo 
mg 

127 
104 
219 
139 

a Technique used for the evaluation of the kinetics. 

V Techniquea 

cm3 /s 

1·67 
2·5 
2·5 
2·5 

TG 
TG 

TG + DTA 
TG 
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6 Ilmol/g s and the lowest a pplied va lue o f JI/ lI'o = llA cm Jjg the parti a l pressures 
of oxygen in the cell and in air should no t differ m or e th an by 6%. 

The kinetic para meters ZII an d E ll of the seco nd exothermic process were evaluated 

from all of the TG record s. The Yvalues were r ead in ten-d egree interva ls in the reg io n 
of 300-540°C. As can be seen in Fig. 3, the mass loss curve decreases slowly linea rly 
a lso after surpass ing the temperature of 540°C, and virtually the sa me decrea~e is 

o bserved also at temperatures be low 300°C. Therefore , the mass values used for the 
calculation of Yaccordipg to Eq. (5) were taken with re secp t to the baseline obtained 

by ex tending the straight line from the ra nge o f 540-700"C. The point s of the depen
dence of Yll us Tso obtained for all the fo ur measurement series a re plotted in F ig. 7. 

The reproducibility of measuremer,t is good, the depend ences for seri es 1 - 3, with 

a virtually identical temperature ri se rate of 0 = 4'6 K/min , approach each other 
close ly although the weight o f the sa mples was different. For a = 2· 15 K /min the 
curve is somewhat shift ed to lower temperatures, as an ticipa ted. 

The ZII, Ell parameters were calculated by nonlinear regression from the whole data 
se t, and for a comparison, also from the individua l series. Marqualdt's method was 

applied to the minimization of the re spo n~e function Q ( Eq. (7)). The results of the 
regression analysis are summarized in Table lI. The activation energy is delt:nnined 
reliably , its values for the various series approaching each other closely. The resulting 

activation energy of the HDS cata lyst , J 10·4 kJ /moi , compares well with the data of 
I-Iano and coworkers 3 for a transition metals-containll1g ca talyst (catalyzed combus

tion of carbon), but is lower than the value reported for an a lumosilicate catalyst 
free of transition metals! . For the frequency factor (Table 11) the differences between 

the various series are appreciably higher, which can be explained in terms of the high 
correlation between the Arrhenius equation paramet ers reported in literature! 6. 

TABLE II 

Kinetic parameters of the second exothermic process 
-------- -------_.--- -

a Standard deviation. 

Series 
No 

107'2 
52-8 
38·9 

138·5 
122·5 
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A reliable result is thus not a single Z, E pair corresponding to the minimum of the 
response function Q(Z, E), but rather a region of Z, E pairs (confidence interval) 
for which the response function (sum of squares of deviations) lies below its critical 
value. This critical value can be determined, for a preselected level of probability 
(95%), by Beale's criterion 17

. For the Arrhenius equation the range of possible Z, E 
is very narrow 16

; it turned out that in log Z, E coordinates it can be approximated 
by a line segment (Fig. 8). All of the Z, E pairs calculated for the various series are 
found within the confidence interval established for the whole set. Thus high-quality 
kinetic results can be expected to obtain even from a single thermogravimetric mea
surement. Fig. 7 shows the kinetic plots for the parameters obtained from the whole 
set (series 1-4); the calculation agrees well with the expe,iment for the two tempera
ture rise J ates applied. 

The ZI> E( parameters for the first exothermic process could not be calculated from 
the TG record since no appreciable mass loss appeared. For an evaluation from the 
DT A data, record No 3 was employed (Table I, Fig. 3) obtained with a double 
sample weight. Fig. 9 presents the temperature dependence of the temperature diffe
lence, derived from the DT A record with baseline correction. The parameters cannot 
be evaluated directly from the DT A peak according to Eq. (6) because the peak over
laps partly with that of the second exothermic process. 

The method used for the determination of the parameters E(, ZI is based on com
bined TG-DTA data, assuming that the two processes, I and II , are mutually inde-

logZn 

4DJ~--~-----1~10----~----~~ 
CI. kJ / mo! 

FIG. 8 

Confidence interval of the ZI! ' EJ( para
meters. The parameter pairs were calculated 
from the sets (Table II): () I, () 2. __ 3, 0 4, 
.1 + 2+ 3+ 4 

200 
T.'C 

FIG. 

Dependence of the temperature difference on 
temperature (DTA). B = 4'74 K/min. The 
thin lines indicate peaks corresponding to 
the exothermic processes I and II 
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pendent and can be described by 1st order equations, 

-d Y; /dT = (2;/0) exp (-E, /RT) Yj , i = I, II . (8) 

The character of the TG and DT A data of a carbonized catalyst is taken into account : 
process II can be evaluated from the TG record , alld its reaction heat and concentra

tion of the reacting component are kJlown (C + O 2 = CO 2 , flH (3500 e) = - 383·8 

kJ /mol; c~ = 0·00833 mol /g); process I is accompanied by no appJeciable mass loss, 
its reaction heat and concentration of the reacting component are unknown, but 
there is a definite heat effect involved and its DT A peak is separated , in part at least, 

from that of process II. 

The parameters of the first process were determined as follows: 

1) The 2 11 , Ell parameters were determined from the TG record; Ell = J lOA kJ / mol, 
Z" = 122500 S-I. 

2) The area AJI beneath the second DT A peak was determined; thi s area is proportio

nal to the heat evolved in the second process, 

f
(T OC hl 

All = flTIl dT. 
(To) " 

(9) 

By combining Eqs (6), (8), (y), 

(10) 

For the calculation of All according to Eq. (10) , any T, flTII pair can be used in the 
temperature region where process J is finished, hence, where fl T = fl Til ' Actually, 

the pair corresponding to the maximum of the second DTA peak was taken: T = 

= 465°C, flT = 3°e. The YII value was calculated flOm Eq. (2). In this manner, 

A II was established to be 325 K 2. 

3) Eq. (10) was treated using the obtained 2 11 , Ell, All constants and the calculated 
dependence of YII on T to calculate the separate DT A peak of the second exothermic 

process, hence the fl TIJ vs T dependence. 

4) The separate peak of the first process (flT, = flT - flTII ) was obtained as the dif
ference between the experimental dependence flTvs Tand the calculated dependence 
flTII vs T. The separate peaks are drawn in a thin line in Fig. 9. 

5) The area beneath the DT A peak for plocess I was obtained by numerical in
tegration (Eq. (6)), A, = 154 K2; the dependence of Y, vs Twas also evaluated using 

Eq. (6)(Fig. 10). 

6) The kinetic parameters of the first process, 2" E" was determined from the de-
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per.dence of YI vs Tsimilarly as for the second process; the results are given in Table 
III. The fit of the calculated dependence to the observed Y values (Fig. 10), in terms 
of the standard deviation from the regress ion curve, is somewhat poorer for the first 
process (s = 0'037) than for the seCOlld one (Table 11), evaluated from more preci se 
TG data. 

7) The heats produced by the two processes per unit mass of cata IY $t, ql and qlt> 

were calculated as qlI = -MJlI(C~)II' qI = (At/All) qlI (Table III). 
In thi s man ner, all the parametels were calculated in the equation for the rate of 

heat generation in the reactivation, 

I -dcs i( -MJi)!dt = I -qi dYJdt, (1J ) 
i = I , 1I i = I,1I 

where 

-dYi!dt = Zi exp (-EJRT(t)) Yi , i = I, II; (12) 

T(I) is an arbitrary dependence of catalyst temperature on time. 

TAULE 111 

Kinetic parameters of reactivation 

Process 

1I 

- q 0 

E 
kJ / mol 

48 ·4 
110-4 

25·6 
122500 

FIG. 10 

q 

kJ /g 

] ,55 

3·28 

Kinetics of the first exothermic process. The 
experimental data were derived from com
bined TG and DT A measurements; () = 
= 4·74 K/min. The curve corresponds to 
the calculated dependence 
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An Example oj Modelling a Temperature-Programmed Reactivation 

Eqs (I1), (I2) with parameters of Table 111 ca n be eJtlployed for a modelling of the 

behaviour of a particle or a reactor in the temperature-programmed reactivation 

with air. For an illu stration , we shall treat the simplest case of a single particle. 

Assuming that (till the moment of ignition) thc reactivation occurs in the kinetic 

region and the resistance to heat transfer is concentrated in a film surrounding the 

particleS, the heat balance in a temperature-progJammed reactivation of the particle , 

i.e. at a linearly increasing temperature orthe air suppiled, can be written as 

d!-,.T!dT= I Z jexp[-E;jR(T+!-,.T)]YjQj !(Oc p)-3h!-,.T!(a(2/Jc p)' (13) 
j = I . " 

At the same time, 

dYj !dT= -(Z;jO)exp[-EJR(T+!-"T)]Y j , i=l , lI. (14) 

The initial conditions for thi s system of differential equations are 

T = To, !-,. T = 0 , YI = .1 , YII = .1 • (i 5) 

Here !-"Tis the temperature difference between the particle and the air. The following 

constants were adopted: (2p = 1·25g!cm 3
, cp = O'84J!gK , a = O·36cm . 

As will be clear from Eqs (13)-(15), the temperature dependences of !-"T, YI, 

and Y" will only depend on the temperature increase rate ° and on the heat transfer 
coefficient which in turn depends on the linear velocity of gas IS. Numerical solution 

of the system (13)- (15)(by the Rurge-Kutta method with an automatic step control) 

0.5 

50 

FIG. 11 AT.OC 

Modelling the behaviour of a catalyst particle 
during the temperature-programmed re
activation. 0 = 0'95 K / min, h (J /cm

2 
s K): 

14'25.10- 3 ,22'87.10- 3 
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revealed that at lowe or high h values the particle is reactivated slowly in the kinetic 
region (Fig. 11, case 1), whereas at higher e or lower h values the !l. T vs T plot starts 
suddenly to bend upwards and the YII vs Tplot downwards (Fig. 11, case 2): the cata
lyst is ignited, the heat evolved is not removed efficiently enough, and a transition 
to the diffusion region takes place. Our simplified model fails to account for the be
haviour of a particle in the diffusion region; the method of Luss and Amundson 8

, 

requiring the knowledge of the effective diffusivity, should be applied to this case. 

LIST OF SYMBOLS 

A area enclo~ed by the DTA peak 
particle diameter 

" s' c~ concentration of the solid component and its initial value; Cs = ns/wo 
cp specific heat of catalyst 
E activation energy 
II heat transfer coefficient 
i\J{ heat of reaction 

subscript (i = I, II) 

integral, Eq. (3) 
n. amount of substance of the solid component (mol) 
Q response function, Eq. (7) 
q heat of reaction with respect to the initial amount of catalyst 
R gas constant 

time 
T, To. T oo temperature, initial temperature, final temperature 
i\T temperature difference 
U variable, U = E/RT 
V air flow rate before entering the reactor or cell 
v catalyst bed volume 
IV, 11'0' IV 00 catalyst mass: at temperature T, initial, and after the reaction 
Y fraction of the unreacted solid component 
Z frequency factor 
B temperature rise rate; B = dT/dt 
Up apparent initial density of catalyst 
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