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Abstract

A theoretical investigation was carried out on the analysis of TPR profiles by the power-law
kinetic model. Attention was focused on the use of the first-order approximation, with the aim to
assess its limits in the procedure for estimating the activation energy of reduction. Numerical
simulations performed by solving the non-isothermal mass-balance equations for the gaseous
and solid species indicated a high sensitivity of the reduction patterns to the reaction order with
respect to the solid. This quantity was found to exert a considerable influence on both the
temperature at peak maximum and the peak shape.

A large number of TPR profiles was generated, assuming reaction orders other than unity and
activation energies ranging from 80 to 100 kJ mol ~ . These profiles were interpreted by means of
the first-order power-law model. The results obtained showed that the unjustified assumption of
the first-order approximation may introduce significant errors in the estimate of the activation
energy. Inseveral cases, real and estimated values differed by more than 30%. In order to provide
some guidelines for a correct kinetic analysis, the causes responsible for such misinterpretation
were investigated from both a qualitative and quantitative point of view.

Keywords: Kinetic analysis; Power-law model; Reduction kinetics; Temperature-programmed
reduction

Nomenclature and units

A reactor cross-sectional area/cm?

¢ hydrogen concentration/umol ¢cm ~?
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E, activation energy/kJ mol !

F volumetric flow-rate/cm® s ™!

H peak asymmetry

k rate constant/cm® ymol "' s~ !

k, pre-exponential factor/cm® ymol ! 57!
L reactor length/cm

m reaction order with respect to hydrogen
N number of experimental points

q reaction order with respect to solid

r reaction rate/umol cm 35!

R universal gas constant/J mol ' K !

s amount of solid per unit volume of reactor/umol cm 3
S solid amount/umol

t time/s

T temperature/K

1% reactor volume/cm?

w peak width at half height/K

z axial coordinate/cm

Greek symbols

B heating rate/K s !

€ percentage error (Eq. (15))

4 hydrogen consumption rate/umol s~ !
@ objective function (Eq. (14))/umol® s~ 2
Subscripts

calc calculated

exp experimental

M peak maximum

0 initial or inlet

1. Introduction

Temperature-programmed reduction (TPR) is a powerful thermoanalytical tech-
nique for the characterization of reducible solids. Since its first appearance in 1975, this
technique has been applied in a variety of scientific fields, including coal chemistry,
corrosion science and heterogeneous catalysis [1-3]. In this latter area, TPR is now
becoming a very important analytical tool, due to its high sensitivity and simplicity.
Moreover, reduction experiments can be performed under conditions close to those
experienced by the catalyst in its industrial use. This fact makes chemical and structural
information derived from TPR measurements more valuable than data obtainable
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from experiments performed under controlled analytical conditions such as high
vacuum or inert atmospheres.

Quantitative analysis of TPR profiles is quite a demanding task because of the
possible occurrence of mass-transfer limitations interfering with chemical kinetics, and
for the need to provide an appropriate kinetic description for the reduction process.
The influence of transport phenomena on the intrinsic chemical kinetics has been
extensively investigated [4,5] and relationships have been developed to diagnose the
presence of diffusional limitations, based on the concepts of the effectiveness factor and
mass-transfer coefficient [6,7]. It should be noted that interferences induced by
diffusional effects or axial dispersion within the reactor can be avoided or, at least,
minimized by proper design of TPR experiments. In particular, the particle size and
flow conditions have been proved to be the most important factors to take into
consideration [8,9]. Similarly, the choice of an adequate kinetic expression always
represents a critical step, due to the lack of rigorous selection criteria [10-12].

Because of the complexity of the reduction process, no generally applicable model
exists. The basic models which have been postulated and used for the analysis of
gas—solid reacting systems include the homogeneous model, the sharp interface model,
the nucleation model, the grain model and the crackling core model [13, 14]. Each of
them provides a more or less detailed description of only some of the phenomena
taking place in the reactor. Furthermore, in their original derivations they do not
account for changes in the structural properties of the solid that may accompany the
reduction process [15].

The model used most in temperature-programmed reduction, particularly in the
absence of a detailed knowledge of the mechanism of reaction, is the homogeneous, or
power-law, model [ 3]. Its great popularity relies on the fact that, despite its simplicity, it
can be considered a good approximation of more sophisticated models and thus can be
used for a rough estimation of kinetic parameters. This model assumes that the reaction
between the reducing gas and the reducible species occurs uniformly throughout the
solid and that the reaction rate (r) can be expressed as

r=kcms?

where c is the concentration of gaseous species, s is the amount of solid per unit volume
of reactor, and m, g are the two reaction orders.

In most of the literature dealing with the kinetic analysis of TPR profiles, both
reaction orders are assumed to be unity [7, 16—18]. Although this assumption greatly
simplifies the procedure for determining the activation energy of reduction, which is by
far the most meaningful parameter characterizing the reducibility of a solid, it does not
reflect a general feature of gas—solid reacting systems. Reaction orders with respect to
the solid phase are frequently fractional [19]. Therefore the accuracy of the kinetic
analysis may be completely lost if the first-order approximation is not fulfilled.

In this paper, an attempt is made to quantify the consequences of an unjustified
assumption of first-order reactions on the estimate of the activation energy. The way in
which the two reaction orders affect TPR profiles was investigated first. Then TPR
peaks were generated assuming reaction orders other than unity. These profiles were
analysed by a first-order kinetic expression and the resulting activation energy was
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compared with that used to generate the simulated TPR curves. For the simulation and
analysis of profiles, the TPR device was treated as a plug-flow reactor [12]. As is well
known, the possibility of modelling the real system by means of such a reactor
configuration is not restricted to the case of low conversions, as occurs for the
differential reactor scheme [5,12]. This makes the results reported here quite general
and, hence, directly transposable to a variety of experimental situations.

2. Kinetic model of the reduction process

The kinetic model was developed by considering the heterogeneous reaction system
as a semi-continuous Plug-Flow Reactor (PFR) in which the following reaction takes
place

MeO + H,->Me+ H,0

where MeO and Me denote the metal oxide and the metal, respectively.

In this type of reactor, the concentrations of the different species, as well as the
reaction rate, are assumed to vary monotonously in the axial direction and to be
uniform in each section normal to the reactor axis [ 20]. A differential mass-balance for
the hydrogen, and a finite mass-balance for the reducible species, over the reactor
volume, yield the following equations

F 6c(z t) dc(z,t)
1 o, HresD+—— % =0 (1)
r(c,s, T) + 6s(z ! =0 2

where F is the volumetric flow-rate, A is the cross-sectional area of the reactor, ¢ is the
hydrogen concentration, r is the reduction rate and s is the amount of the reducible
species per unit volume of reactor.

The functional dependence of the reaction rate on the reactant concentrations can be
expressed, according to the power-law model, as

r(c,s,T) = k(T)c"s? (3)

where k(T) is a temperature-dependent rate constant, for which the Arrhenius equation
can be used

kK(T)= 0exp( R?") 4)

It should be stressed that the quantity ¢ in Eq. (3) represents the hydrogen concentra-
tion at the gas—solid interface, and that this is equal to the bulk hydrogen concentration
only if mass-transfer limitations in the gas phase are negligible. Under other conditions,
the two quantities may be considerably different and an additional relation is needed to
evaluate them separately.
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It may be convenient to write the derivative ds/dt in terms of the heating rate (), as

0s(z,T) dT0s(z,T)  ,0s(z,T)

o dt oT U 8T
In a large number of practical situations, Eq. (1) can be further simplified by assuming
quasi-steady-state conditions for the hydrogen. This hypothesis implies that the

residence time of the gaseous phase within the reactor is much smaller than the
characteristic reaction time. Under such conditions, Eq. (1) becomes

F dc(z, t)
A o0z

)

+r(cs,Ty=0 (6)

Finally, by substitution of Egs. (3)-(5) into Egs. (2) and (6), the following set of partial
differential equations is obtained
Foc(z, t)
A 0z

+ kg exp( R?) c(z,T)"s(z,T)?=0 7

ko exp < E“) oz, T)"s(z, TV + B Is(zT) =

oT

RT 0 (®)

The initial and boundary conditions associated with these equations are
c0, T)=c, forT>T, 9)
s(z, To)=5, forO0<:z<L (10)
where ¢, is the hydrogen concentration at the reactor inlet, s, is the initial amount of

solid per unit volume of reactor, T is the initial temperature and L is the reactor length.
The solution of the two equations provides the functions

c=c(z,T) (11)
s=s(z,T) (12)

that describe how the hydrogen and the reducible solid concentrations vary during the
reduction and along the reactor axis. The first relationship, calculated at z = L, gives
the hydrogen concentration at the reactor outlet. The theoretical TPR profile, namely
the temperature dependence of the hydrogen consumption rate (£), can then be easily
obtained as

Ty =Flco—c(LT)] (13)

3. Results and discussion

The partial differential equations expressing the mass-balance relationships for the
two reactants over the TPR device were solved numerically by a fourth-order Runge-
Kutta technique. Integration was carried out using a temperature step of 1 K and
a z-axis step equal to L/10. Smaller steps were found to produce no variations in the
results obtained.
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A first series of numerical simulations was performed with the aim of quantifying the
influence exerted by the two reaction orders on the peak shape and position. A large
number of TPR profiles was then generated, for assigned values of the activation energy
(in the range 80—100 kJ mol ™~ ') and of the reaction orders. These data were analysed by
setting m = g = 1 in the model equations, in order to evaluate the effect of the first-order
approximation on the estimated activation energy.

3.1. Effect of reaction orders on peak shape and position

Simulations were carried out using the values reported in Table 1. These values are
close to those usually adopted in TPR experiments 11, 12]. The two reaction orders
were varied between 0 and 2. Some results, showing the hydrogen consumption rate as
a function of temperature, are presented in Fig. 1. The first plot is relative tom = 1, and
shows the effect of ¢ on TPR profiles. The second plot is relative to g = 1, and indicates
the influence of m. Similar reduction patterns were obtained by considering different
sets of values for the quantities listed in Table 1.

From Fig. 1, it clearly appears that TPR profiles are much more sensitive to g than to
m: variations of m in the range from 0 to 2 cause only limited changes in the peak shape
and position. In contrast, variations of g result in remarkable modifications of the
reduction profile. The effects of decreasing g are a shift of the peak maximum towards
higher temperatures, a decrease of the maximum hydrogen consumption rate, and
a rather pronounced tailing of the profile.

For a better evaluation of such effects, the influence of the reaction orders on three
parameters characterizing the TPR peak was investigated. The three TPR characteris-
tics are:

- the temperature at peak maximum (7,,);

- the peak width at half-height (W),

- the peak asymmetry (H), defined so as to be equal to 1 for symmetric peaks, > 1 for
left-tailed peaks and < 1 for right-tailed peaks (Fig. 2).

If the TPR peak is regarded as a probability distribution curve, T,,, W and H can be
related to the moments of the corresponding probability density function [21]. The
results obtained are reported in Table 2.

Table 1
Numerical values used in the computer simulations

Parameter Numerical value
Volumetric flow-rate (F) lTem?s™!
Hydrogen concentration at the reactor inlet (c,) 2 ymol cm ™3
Reactor volume (V) 6:10" % ¢cm?
Reactor cross-sectional area (A) 0.785 c¢cm?

Initial solid amount (S,) 300 umol

Heating rate (§) 01Ks™!
Pre-exponential factor (k) 106 cm? pmol ~ ' 57!

Activation energy (E,) 90 kJ mol ~!
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Fig. 1. Effect of reaction orders on the simulated TPR profiles (parameter values are listed in Table 1).

Ascan be observed, the temperature at which the reduction rate reaches a maximum,
i.e. the peak position, is highly sensitive to g, whereas the effect of m is far less
pronounced. Increases of m are accompanied by a decrease in Ty, i.e. by a shift of the
reduction peak towards lower temperatures. For m = 1, an increase of q from 0.25 to
2 results in a decrease of Ty close to 500 K.

The peak width at half-height decreases as g is increased. Variations of g between
0.25 and 2 lead to decreases in width ranging from 39 K (for m = 2) to 49 K (for m = 0).
For0.25 < g < 1, Wincreases as m decreases, whereas for g > 1, W is quite independent
of m. Finally, the peak asymmetry exhibits a high sensitivity of g, particularly at lower
q values. In the range 0.25 < g < 0.75, the observed asymmetry is subjected to percen-
tage variations close to 55%, whereas for g > 0.75 limited changes occur.
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W=x+y
H=x/y

Tu .

Fig. 2. Peak shape characterization: T, is the temperature at peak maximum, W is the peak width at half
height, and H is the peak asymmetry.

Table 2
Influence of reaction orders on the temperature at peak maximum (7,), peak width (W) and asymmetry (H).
Calculations were made using the values summarized in Table 1

q
m 0.25 0.5 0.75 1 1.5 2
Temperature at peak maximum, Ty,/K
0 888 743 636 556 442 367
1 851 716 618 542 434 362
2 816 692 600 529 427 357
Half-height peak width, W/K

0 89 83 74 64 51 40

1 84 80 72 64 51 41

2 81 77 70 64 51 42

Peak asymmetry, H

0 345 2.19 1.55 1.37 1.04 1.00
1 3.94 2.20 1.77 1.46 1.13 1.05
2 4.06 235 1.80 1.56 1.32 1.10

Some trends of the functions T,,(q), W(q) and H(g) are shown in Fig. 3. Because of the
decreased sensitivity of T, W and H to m, only profiles relative to m = 1 have been
plotted. These curves can be used to evaluate the sensitivity of TPR profiles to g for
reaction orders with respect to the solid species different from those reported in Table 2.
The plots also indicate the non-linear dependence of Ty, W and H on ¢, with the
exception of the function W(g)in the range 0.25 < ¢ < 1.75, which can be approximated
by the linear relation: W=93.8 —29.2 4.

All these considerations clearly demonstrate that the reaction order with respect to
the solid phase plays a key role in determining the shape and position of the reduction
peak. Thus we can suppose that if the reduction kinetics do not follow a first-order rate
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law and the two reaction orders are assumed to be unity, considerable errors may affect
the estimate of the remaining kinetic parameters.

3.2. Estimation of the activation energy from T PR data

Simulated reduction patterns were generated assuming the reaction orders (m', g')
and the activation energy (E) listed in Table 3. The values of the remaining quantities
were maintained unchanged and equal to those reported in Table 1. The simulated
profiles were calculated using a temperature step of 2K, and the number of experimen-
tal points was close to 120.

In order to estimate the activation energy of reduction, these data were analysed by
minimization of the following objective function

¢= Zl iexp l c:alc:)2 (14)
where N is the number of points relative to each simulated profile and £ is the hydrogen
consumption rate. The subscripts exp and calc denote simulated and calculated
quantities, respectively. The estimates of the activation energy obtained by setting
m = q = 1 in the model equations are summarized in Table 3, along with the percentage
error ¢ defined as

|E, — E||
E

a

=100 "= (15)

where E, is the activation energy value for which ® reaches a minimum.

Table 3

Influence of reaction orders on the estimated activation energy. The superscript * denotes values used to
generate the simulated TPR profiles. E, is the activation energy obtained by setting m =g = 1 in the model
equations and ¢ is the percentage error (see Eq. (15))

Reaction orders

m q E [kJ mol™! E,/kJ mol ! €

1 0.5 90 120 33
1 1.5 90 71 21
1 2 90 59 34
0 1 90 93 3
0.5 1 90 91 1
1.5 1 90 89 1
2 1 90 88 2
1 0.5 80 107 34
1 1.5 100 79 21
1 2 100 65 35
0 0.5 90 125 39
2 2 90 58 36
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Fig. 4. Correlation of TPR profiles by the power-law model. Points represent data simulated by assuming
m=1 and q = 1.5. The solid line is the best-fit curve derived from the first-order approximation.

A comparison between the real and estimated activation energies indicates that the
first-order approximation may introduce significant errors in the estimation pro-
cedure. The percentage differences between E, and E, are in the range 1-39%. As
expected, very limited errors (¢ < 3) occur when TPR profiles relative to m’ # 1 and
q # 1 are considered. The analysis of profiles with m’ = 1 and ¢’ # 1 leads to consider-
ably larger errors (21 < ¢ < 34). Finally, the situation becomes even worse (percentage
differences close to 40%) when both m’' and ¢’ are different from unity.

The explanation of these results is to be found in the influence of reaction orders on
the peak shape and position. Due to the high sensitivity of the reduction patterns to g,
a small variation of this quantity from unity produces a remarkable effect on the
hydrogen consumption rates. The apparent activation energy obtained even by
minimization of ® gives values very different from the true ones. However, despite such
a discrepancy, the experimental and calculated profiles may appear to be in fairly good
agreement, as isshown in Fig. 4, where a typical example is reported. The points plotted
in the figure were generated by setting m =1, ¢'= 1.5 and E, =90 kJ mol ! in the
model equations. The best-fit curve was obtained using the first-order approximation,
from which an activation energy of 71 kJ mol ™! was derived. Thus, despite the good
quality of the correlation (the calculated temperature at the peak maximum is 436 K
against 434 K and the corresponding hydrogen consumption rate is 0.54 uymol s ™!
against 0.55 umol s~ ), the percentage error in the estimate of the activation energy is
more than 20%.

4. Conclusions

The results reported in the present study strongly demonstrate the need for verifying
the hypothesis of unitary reaction orders prior to analysis of the temperature-pro-
grammed reduction kinetics by the simplified power-law model. This holds, in particu-
lar, for the reaction order with respect to the solid species, which was found to have
a significant influence on the resulting reduction patterns. Particular care should thus
be devoted to estimating the exact value of this quantity. The analysis of TPR profiles
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should involve a preliminary estimation of reaction orders, for instance by means of
1sothermal reduction experiments [22]. Alternatively, the two reaction orders could be
evaluated, along with the activation energy, from a single TPR profile. This method
requires a greater computational effort, due to an increased number of parameters to be
estimated from the experimental data. In any case, a good fit between the experimental
and calculated profiles does not provide a sufficient criterion to assess the reliability of
the kinetic analysis, particularly if the comparison is restricted to the region around the
peak maximum.

References

[1] N.W. Hurst, S.J. Gentry, A. Jones and B.D. McNicol, Catal. Rev., 24 (1982) 233.
[2] J.L. Lemaitre,in F. Delannay (Ed.), Characterization of Heterogeneous Catalysts, Marcel Dekker, New
York, 184, p. 25.
[3] S. Bathia, J. Beltramini and D.D. Do, Catal. Today, 7 (1990) 309.
[4] C.N. Satterfield and T.K. Sherwood, The Role of Diffusion in Catalysis, Addison-Wesley, New York,
1963.
[5] H.S. Fogler, Elements of Chemical Reaction Engineering, Prentice-Hall, New Jersey, 1992, p. 560.
[6] E.E. Ibok and D.F. Ollis, J. Catal., 66 (1980) 391.
[7] D.A.M. Monti and A. Baiker, J. Catal., 83 (1983) 323.
[8] R.A. Demmin and R.J. Gorte, J. Catal., 90 (1984) 32.
[9] F. Tronconi and P. Forzatti, J. Catal., 93 (1985) 197.
[10] G. Fierro, M. Lo Jacono, M. Inversi, G. Moretti, P. Porta and R. Lavecchia, in L. Guczi, F. Solymosi
and P. Tetenyi (Eds.), New Frontiers in Catalysis, Akademiai Kiado, Budapest, 1993, p. 1847.
[11] G. Fierro, M. Lo Jacono, M. Inversi, P. Porta, R. Lavecchia and F. Cioci, J. Catal,, 148 (1994) 709.
[12] G. Fierro, M. Lo Jacono, M. Inversi, P. Porta, F. Cioci and R. Lavecchia, Appl. Catal., 137 (1996) 327.
[13] P.A. Ramachandran and B.D. Kulkarni, AIChE J., 28 (1982) 898.
[14] L.K. Doraiswamy and H.M. Sharma, Heterogeneous Reactions—Analysis, Examples and Reactor
Design, Wiley, New York, 1983.
[15] L.K. Doraiswamy and B.D. Kulkarni, in J.J. Carberry and A. Varma (Eds.), Chemical Reaction and
Reactor Engineering, Marcel Dekker, New York, 1987, p. 293.
[16] T.Uda, T.T. Lin and G.W. Keulks, J. Catal., 62 (1980) 26.
[17] P. Arnoldy, A.M. Vander Heijkant, G.D. de Bok and J.A. Moulijn, J. Catal., 92 (1985) 35.
[18] K. Ehrhardt, M. Richter, U. Roost and G. Ohlmann, Appl. Catal., 17 (1985) 23.
[19] A.Jonesand B. McNicol, Temperature-Programmed Reduction for Solid Materials Characterization,
Marcel Dekker, New York, 1986, p. 38.
[20] K.R. Westerterp, W.P.M. van Swaaij and A.A.C.M. Beenackers, Chemical Reactor Design and
Operation, Wiley, New York, 1984, p. 43.
[21] D.M. Himmelblau, Process Analysis by Statistical Methods, Wiley, New York, 1968, p. 22.
[22] M.C. Annesini, R. Lavecchia, L. Marrelli, M. Lo Jacono, M.C. Campa, G. Fierro, G. Moretti and P.
Porta, Solid State lonics, 63 (1993) 281.



