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Abstract; High quality data smoothing is frequently
required in the thermal analysis. In this paper three
smoothing methods, i. e. Moving Average smoothing,
Gaussian smoothing, and Vondrak smoothing, are in-

vestigated in detail for pre-treatment of biomass decom-

position data to obtain the DTG curves, and the smoot-

hing results are compared. It is concluded that by
choosing reasonable smoothing parameters based on the
spectrum analysis of the data, the Gaussian smoothing
and Vondrak smoothing can be reliably used to obtain
DTG curves. The kinetic parameters calculated from
the original TG curves and smoothed DTG curves have
excellent agreement, and thus the Gaussian and Von-
drak smoothing algorithms can be used directly and ac-
curately in kinetic analysis.
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0 Introductibn

Smoothing algorithm plays a basic and important -

role in the treatment of thermogravimetric curve. Dur-
ing the past several decades, dynamic thermogravime-
try has been widely used in the fields such as fuel
property, fire research, fabric flammability, waste in-
cineration etc. , to study the solid phase decomposition
kinetics. Generally, the solid phase thermal decompo-

gition can be expressed by the equation

B 7% H 3B :2003-09-26 ; {2t B #H :2003-11-17

A(solid) —>B(solid) + C(gas)

The irreversibility is promised by the condition of
well - controlled air steam, which carries the volatile
away as soon as it forms, so that the reverse reaction
would not occur. For dynamic thermogravimetry, the
calculation of kinetic parameters is based on the as-
sumption that the mass loss due to the reaction can be

described by the following rate equation

f(%' - _g_exp( - E/RT)dT (1)

where o is the mass loss fraction, B the heating rate, E
the activation energy, A the pre — exponential factor,
and R the gas constant. T is the absolute temperature.
The specific form of f(a) represents the hypothetical
model of the reaction mechanism. Published methods
of deriving kinetic ‘parameters from thermogravimetric
(TG) data center about Equation (1) itself or its inte-
gral form, respectively referred to as differential and
integral methods. Upon using differential methods (e.
g. Kissinger[ 1], Freeman-Carroll [2]), derivative
. thermogravimetric (DTG) curve used for analysis is a-
chieved by the differentiation of TG data versus temper-
ature. Due to the chemical complexity of the decompo-
sition reaction and the experiment errors, the TG curve
contains much noise and when calculating the DTG

curve the noise can be enlarged greatly due to numeri-
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cal differentiation. Hence, for thermogravimetric
curve, reasonable smoothing algorithm is required to
free the data from their short-term instability in order to
provide improved representations of TG and DTG
curves. ‘

In mathematics, there have been wide varieties of
smoothing algorithms ranging from polynomial algorithm
to other techniques involving Fourier transformation and
frequency filtering. However, few discussions have

been proposed in literature to investigate the different

smoothing algorithms uged for thermogravimetric data.
AN S . e

In N. Shirrazzuolis[3] paper, the convolution method
applied used a polynomial with intervals of seven suc-
cessive points. Gabor Varhegyi[4] compared the ex-
perimental data to the values calculated from their
neighboring points by third-order polynomial interpola-
tion. Their results were just acceptable. In this paper,
three smoothing techniques ( Moving Average smoot-
hing, Gaussian smoothing, and Vondrak smoothing)
are used in the investigation of TG and DTG curves of
biomass decomposition and the smoothing qualities of
them are compared in detail. This work is carried out
as a part of a study on the decomposition behavior of
biomass in fire[ 5 ~6]. Although the overall mass los-
ses of biomass decomposition are controlled by some
primary reactions, rate-determining reactions are ac-
companied by many other less important reactions (in
the sense that they contribute little to the mass loss).
Hence, the great noise and flutter on the achieved TG
curves are in great degree due to these less important
reactions. This chemical complexity has led research-
ers to study biomass decomposition by apparent kinetic
analysis, which has been looked on as offering a clue
to the key mechanistic steps in the overall mass loss
process. Reliable smoothing algorithm plays a basic
role in the pretreatment of the TG curves for apparent

kinetic analysis.

1 Methodology

1.1 Moving Average Smoothing ( Mean Filter
Smoothing)

For a series of equally spaced data sampled from

TG curves a(T;) (i =1 ~ N), moving average smoot-
hing simply takes the mean values of all data points
within a small specified window as the new value of the
middle point within the window, as described by the
following expression:

1
2n + 1,

(1) =S ar) (@)

where o is the original data, o' is the smoothed data.
The index j is the running index of the original ordinate
data table. The smoothing array consists of 2n + 1
points, where n is the half-width of the smoothing win-
dow. When the ;nrf;(;;)thirig window moves from low tem-
perature to high temperature, the obtained data ' ( T')
make up of the smoothed thermogravimetric curve.
Another average smoothing method is Savitzky-Go-
lay [7] smoothing method. This method uses simpli-
fied least-square-fit convolution for smoothing and the
result is better than that of mean filter smoothing. Its
weight coefficients are different from those of mean fil-
ter smoothing, but the smoothing theorem is the same.
Here we just use mean filter smoothing to represent this
sort of methods, for its transfer function can be ex-
pressed explicitly. _
1.2 Gaussian Smoothing

For Gaussian smoothing
o (1) = %épiamexp[ - (T, - T)*/24"]
(3)
where W, = anpiexp[ -(T,-T;)*/2a*], p;and N are

respectively the weight and number of experimental da-
ta, a is the semi-bandwidth of the Gaussian function.
Obviously this smoothing algorithm is in essence a
weighted average of experimental thermogravimetric da-
ta using the Gaussian function as the weight function.
The degree of smoothing is determined by a, and when
a increases, the smoothing quality also increases.
Compared with Moving Average Smoothing, Gaussian
smoothing can be used to smooth the points at the two
boundaries of the temperature intervals examined, and
also it doesnt require the points to be equally spaced.‘
1.3 Vondrak Smoothing
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The Vondrak smoothing method can also be used 0
to smooth unequally spaced data. It minimizes the 05
quantity
Q =F+eS (4) 0.6+
where F = ﬁpi[al(Ti) - a(Ti)]z, S = 044
N-3 =
Y [A’’(T,) - a(T;)]*. Fis the objective function 021
i=1
of the weighted least square method, and is referred to 0.0
as the degree of fitting of Vondrak smoothing. S is the
sum of squares of the third-order difference of smoothed "]
data. This term Peflects the*degree of smoothing and is™~ = 107w~~~ 100 1000
called the smoothness of Vondrak. The smoothed curve 1.0 period
is a compromise between the absolute fitting curve
(where ¢ — 0) and the absolute smoothed curve 0.8
(where g — o ). The degree of corﬁpromise is deter-
mined by &. 064
1.4 Frequency Filtering
The noises we wish to filter out change greatly in 0.4
short temperature intervals. In the frequency domain,
these noises correspond to high frequency components. 0z
Theoretically if we can filter out these components u-
sing low-band filters, the curve with noises will be
smoothed. 00
In fact the three smoothing techniques stated a-
bove can be characterized as such frequency filters. b 2
Generally , any linear filtering process can be expressed
as a convolution of the raw data with an appropriated 081
shaped window, or transfer function. Assuming equally
0.6 4

spaced and weighted measurements, the theoretical
transfer function corresponding to the mean filter
smoothing method is

__ 1 sin(Cn+1)7mfA
B = 2n +1 sinarfA

the one corresponding to the Gaussian smoothing is
H(a,f) = exp( - wn'fo?)

and the one corresponding to the Vondrak method is

H(s,f) = (1 +&72aNH°)"

where fis the frequency, A is the sample interval.

The quality of digital filters depends on the broad-
ness of transitional band of the frequency transfer func-

tion. From the figures of transfer functions( Figurel ) ,

0.4 4

0.2 4

0.0

{lg(epslon)= -1| -

Fig.1 Transfer functions of average, Gaussian
and Vondrak smoothing

period

1000

it can be noticed that while none of the method pro-

vides a sharp frequency cutoff, the Vondrak method

has a steeper behavior as a frequency filter than the
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other two methods.
2 Experimental

The raw materials used in the investigation were
respectively the wood and leaf of oil-tea, loquat, cam-
phor tree. These materials were first cut and then
ground, thereby the average particle size was specified
to be approximately 100 pm. The grains of the sample
were evenly distributed over the open alumina crucible

of 5 mm diameter, loosely, with the initial amounts of

the samples all kept,to be 5 mg or so. The depth of the

sample layer filled in the crucible was about 0.5 mm.
Thermal decomposition was observed in terms of the o-
verall mass loss and heat of DSC signal by using a
Netzsch STA 409C Thermobalance. An air stream was
continuously passed into the furnace at a flow rate of 50
m! min "' ( at normal temperature and atmospheric pres-
sure). The temperature was increased to 800 °C at a

1

rate of 10 °C min~". The heating rate of this order is

generally considered able to ensure that no temperature

3 Discussion

In each of our experiments, a thermogravimetric
(TG) curve and a differential scanning calorimetry
(DSC) curve can be obtained. The derivative thermo-
gravimetric ( DTG) curve is the differential of the TG
curve.

Figure 2 shows the DTG curve. It can be seen
that the DTG curve got directly through the differentia-
tion of the TG raw curve flutters greatly. These fluctu-
.ant data are difficult to use in the kinetic analysis.
Theoretiéally, the éﬂapeé of the DTG and DSC curve
are similar if the mass loss process accompanies with
heat release or absorption. Figure 2 has showed the
global tendency. We hope to get a smooth DTG curve.
So the TG curves must be pretreated before being trans-
ferred to the DTG curves. Three smoothing methods
have been used and the results are given in the follow-
ing. (We smoothed many experimental curves and got

good results. Here, we just give one of them for sim-

gap exists between the sample and its surroundings plicity. )
[8].
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Fig.2 Experimental curves
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3.1 The choice of parameters

The choice of the method and degree of smoothing
is dependent on the goals of the analysis it performed
for. The parameters of a and ¢ determine the degree of
smoothing and should be chosen according to the raw
data, using the transfer functions. If we want to filter
out the components which frequency is higher than a
given value, then using this value as cutoff frequency,
we can choose the corresponding parameters.

In order to determine the cutoff frequency, we

compute the power spectrum method of the raw data

” o vk »

1.0 -

o,
o}
1

o
o
e 1

o
Hn
1

relative power spectrum density
o
N
i

and get the power spectrum density ( PSD) distribution.
Figure 3 shows that the main PSD is within a short fre-
quency domain. Where f > 0. 025, the value of PSD is
close to zero. So we can use any frequency which satis-
fiesf > 0. 025 as cutoff frequency. In other word, we
can use any period which satisfies P < 40 as cutoff pe-
riod. In the following smoothing examples, we use 38
as cutoff period, so according to the figures of transfer
functions( Figure 1), the parameters of ¢ = 18 and &

. -7
= 107" are chosen.

0.0 \\

v T v T
0.00 0.02 0.04

0.06
f

Fig.3 Relative power spectrum density of original TG data of oil-tea wood

3.2 Smoothing results and comparison

Figure 4 shows the original and smoothed TG
curves and the corresponding DTG curves, using first-
order forward diffefence.

From figure 4 —~1, we can notice that the average
smoothing method filters out very high frequency com-
ponents, but leaves some high frequency components.
The DTG curve still fluctuates greatly. However, the
contour of two peaks like the DSC curve has appeared
more clearly. This method is not good enough for ki-
netic analysis.

Comparing the two methods’ DTG results in detail

(Figure 5), we can see that the Gaussian method

smoothes the data too much and the two peaks of the
DTG curve are not distinct like those of Vondrak meth-
od. (Of course, the smoothed results are determined
by the parameters of o and &) We can see that the ra-
tios of the width of half height to the height of the two
peaks are bigger than those in the Vondrak smoothing
result. This quality is very important in the peak sepa-
ration. A simple kinetic description, named as First
Order Pseudo Bi-component Separate-stage Model
(PBSM-01)", is developed based on the experimental
results and integral analysis method[9]. We hope to
use differential methods to verify the model. So the
smoothed DTG curve and the quality to separate peaks
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easily and precisely are required. In this meaning, the performance of Vondrak srhoothing is better.
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Fig.4 The original and smoothed TG/DTG curves
(4-1; mean N=5 ; 4 -2, Guassian a =18, Vondrak e =10 ~7)
3. 3 Evaluating the methods using simulated In order to get more detailed knowledge, we use

curves simulation to evaluate the methods. The general ac-
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cepted integral form for analysis of non-isothermal ki-

netic data
[ de _(TA_
gla) = || 7% = fTO 5oxp(~ E/RT)dT
~ (AE/BR)P(u)
with

P(u) = f: - (e™/u*)du, u = E/RT

and first order reaction mechanism f() = 1 - o are
used.

Approximating equation for used here is rational

oGt - oy v

DTG(wt.%/K)

-0.5 4

-0.6 4

approximation[ 10 ]

. w’ +18u® + 86u + 96
' + 200’ + 1204 + 240u + 120

According to the simulated TG curve, we can get

P(u) =%

u .

DTG curve. First we use Gaussian and Vondrak meth-
ods to smooth the simulated curve. Then a normal
noise (mean value equals zero and standard variation is
2) is added to simulated TG curve, and the smoothing

methods are performed again.

1 ——\ondrak
- — - Gaussian

T
0 100

T T
200 300

T T T T =1
400 500 600 700 800

Temperature(? )
Fig.5 Comparison of the DTG curves ( Gaussian, a =18; Vondrak, £=10"")

The smoothing results give some spurious varia-
tions occurring at the beginning and the end of mass
loss process in Figure 6. In down figure ( TG + noise) ,
this effect is more serious. Vondrak smoothing is more
sensitive to such variations. This end effect of the two

The Vondrak

method shows end effects more seriously than Gaussian

methods is illustrated by Feissel [ 11 ].

method, which in some extreme cases could be a se-
vere drawback. If the numbers of peaks in the DTG
curvée is hard to determine, the Gaussian method is
better to use. And in the kinetic analysis, the Vondrak
smoothing result may be better, because it is more

close to the original curve in interval of the peak.

3.4 Verification of the smoothing methods

Kinetic parameters of the biomass pyrolysis are
computed to test the usefulness of the smoothing meth-
ods. First we use integral method( C — R method[ 12])
to analyze the original TG data, then use differential
method[ 13 ] to analyze the smoothed DTG data. The
kinetic mechanism is “PBSM-01" ( First Order Pseudo
Tablel

gives the kinetic parameters of oil-tea pyrolysis in air

Bi-component Separate-stage Model ) [ 9 ].

and Figure7 gives the calculated curves. The results
show that the two group parameters have good coinci-
dence and the experimental & calculated curves have

excellent agreement. So the smoothed curves can be
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used directly and accurately in the kinetic analysis.
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Fig.6 Simulated and smoothed DTG curves (E =150K]}/mol, A =10", §=10K/min)
(a;TG without noise; b; TG with noise)
Tab.1 Kkinetic parameters for the mass loss of the oil-tea wood by PBSM-01

E1(kJ/mol) Al(min™") E2(kJ/mol) A2(min")
TG 74 1.74e4 88 1.02e4

DTG 80 6.31e4 82 . 3.16€3
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raw TG data & smoothed DTG data

100 - - - calculated - 0.02
90
1 0.00
80
70
] -0.02
60 v
< s
R <
;50 004 ¥
i H
o
2 a0 E
. 4006
R Ty P .
20
1 -0.08
10
0 y . v Y r T ' " -0.10
100 200 300 400 500 600
Temperature(C)

Fig.7 ~ Comparison of the experimental and calculated TG-DTG curves for the ofl-tea wood

4 Conclusion

N

Smoothed data do not contain any additional infor-
mation, however, sﬂloothing "cleans up" noisy data to
make information in the data more easily accessible to
human interpretation. In this paper, we have used
three different smoothing methods to reduce the high-
After

smoothing, the curves can be used directly and accu-

frequency noise in the experimental curves.

rately in the kinetic analysis.

According to the quality of the smoothing results
and the figures of transfer functions, we can conclude
that the Gaussian and Vondrak smoothing methods can
meet the requirement effectively. And according to the
raw data and the degree of smoothing, the method and

parameters can be chosen.
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