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Abstract  

The convective and diffusional mass transfer occurring in combined thermoanalyser-mass spectrometer systems can cause 
significant deviation between measured thermoanalytical and mass spectrometric curves. Based on experimental studies of the 
decomposition of CaCO3, a model has been developed which allows to interrelate the thermoanalytical (DTG) and mass 
spectrometric curves and provides a criterion defining under which conditions (carrier gas-flow rate and diffusivity of evolved 
gas) the disguising mass-transfer influences can be neglected. The criterion relates the total residence time Ttot of the gas in the 
experimental system to the characteristic time tN of the gravimetrically recorded decomposition process and allows to quantify 
the agreement between the thermoanalytical and mass spectrometric curves. (~ 1997 Elsevier Science B.V. 
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1. In t roduct ion  can be related to the gravimetrically determined rate of  
the decomposition. In principle, a prediction of  this 

Measurements of thermal decomposition of solids relationship is only possible when the complete flow 
resulting in gaseous products are usually interpreted patterns (velocity distribution) in the thermoanalyser 
assuming that at any time the measured product con- are known, which is very difficult to achieve in 
centration in the gaseous mixture leaving the thermo- practice. One possibility to measure the flow pattern 
analyser chamber characterises the rate of the reactant in the thermoanalyser is to scale-up the system and 
decomposition at that time. In reality, a time lag is measuring the flow characteristics with Laser Doppler 
observed between the DTG signal due to the decom- anemometry. Another approach is to solve the com- 
position and the mass spectrometric analysis of the plex set of  differential balance equations (Navier 
evolving gaseous product. Moreover, the process of Stokes, species balances) for the complicated geome- 
back-mixing in the thermoanalyser chamber can nota- try of the thermoanalyser. Both methods are too 
bly influence the shape of  the concentration-response demanding for practical purposes. A more straightfor- 
curve. Here, we illustrate how the mass spectrome- ward approach is presented in this study, where the 
tricalty measured concentration of  a gaseous product above relationship is analysed by a simple identifica- 

tion of the system which directly relates an input 
*Corresponding author. E-mail: baiker@tech.chem.ethz.ch, fax: signal (decomposition) to the corresponding output 
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by the mass spectrometer (MS)). The function con- or, after normalisation of stimulus and response 
taining this information is the residence time distribu- t 

tion (RTD) of the system. The RTD function describes h(t) = f g(t ') f( t  - t') dt' (lc) 
systems only in the time space (Lagrangian frame) and 
contains the minimum of information necessary to 0 
transform the input signal (stimulus) into the output where 
signal (response). The stimulus-response technique in 

Cou,(t) 
the system thermoanalyser-mass spectrometer is illu- h(t) - f o  Cout(/) dt (2a) 
strated in Fig. 1. 

Considering the system characterised by the resi- 
C,n(t) dence-time-distribution-density function fit), the g(t) - f o  Cin(t) dt (2b) 

strict relationship between an arbitrary input and its 
output concentration can be expressed according to 

The identification of the residence-time--distribu- the set of equations (Eqs. ( la)-( lc)  and (2b)), if the 
system is initially relaxed, i.e. Cin(t) = 0 for all t < 0. tion-density function f(t) appearing in Eqs. (1 a)-(1 c) 

t is extracted from the experimental data. This function 

Cout(t) --- f Cin(t - t ')f(t ')  dt' (la) is then applied to the calculation of the concentration 
J profiles measured by the mass spectrometer. Here, we 
0 use this concept to elucidate the relationship between 

thermoanalytical and mass spectrometric curves Tea- 
= f i n  (t ') f(t  - t') dt I (1 b) sured in combined thermoanalyser-mass spectrometer 

0 systems. 
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Fig. 1. Stimulus-response technique for a simple flow system. (1) Input signal detection; (H) experimental system; and (IH) output signal 
detection. 
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2. Experimental and methods of calculation R(i  At) 
g(t)  = g(ti) = gi -- - -  (9) 

Q 
The measurements were carried out on a Netzsch 

Similarly, the response h(t) is the normalised concen- 
STA 409 thermoanalyser connected with Balzers tration of CO2 measured by the mass spectrometer. 
QMG 420 mass spectrometer by a 0.15 mm heated We have 
capillary. As an input signal, the rate of CO2 evolution 
resulting from the decomposition of 15.0mg of l ( t )  

h ( t )  - ( 1 0 )  
CaCO3 was applied. Experiments were carded out J 
under argon atmosphere with flow rates of carrier gas % 
ranging 20-100 ml min-1 (NTP) and using a heating J = j l ( t )  dt (11) 
rate of/3 = 11.7 K min i. The diameter and the height 

0 
of the thermoanalyser chamber were 2.6 and 23 cm, 
respectively. The thermogravimetric curve reflects the 

J = l(t i)  A t  = Z l ( i  At) At (12) 
release of CO 2 (input signal) to the stream of argon i::l i:l 
flowing through the experimental system. The stimu- 1 (i At) 
lus can thus be calculated as the norrnalised rate of h(t) = h(ti) =-hi = -  (13) 
weight loss of the CaCO3 (derivative thermogravi- J 
metric curve, DTG), and the rate of CO2 production is A typical record of the input signal g(t) and the 
directly related to the rate of weight loss of CaCO3. output signal h(t) measured in the experimental sys- 

R(t)  - d(TG) tern is shown in Fig. 2 for a total gas-flow rate of 
dt (3) 40 ml min-~ (NTP). The curves have slightly different 

shapes. The method of calculation of the mutual 
After normalisation (compare with Eq. (2b)) relationship between the stimulus g(t) and the 

R(t)  response functions h(t) is presented below. 
g(t) -- (4) Q 

where Q is the whole amount of CO2 produced during 3. Model 
decomposition. 

The model should allow a simple and clear inter- 
Q = l R(t)  dt (5) pretation of the difference between the g(t) and h(t) 

J 

0 

0200 
The thermobalance system measures the weight 

losses of the sample (CaCO3) during small and equal 0 1 7 5  / / ! ~  
periods of time At. Eqs. (3)-(5) should thus be used in o15o g(t)e¢ "--. 

the discrete form. For the discrete t values, we can --....,,/ (I)~ 
write ~ 0125 _c / ~ h(t)~ 

OlOO ~ j ~ /  I i  t = t i  : i A t  (6) ~ 0075 

R(t)  = R(ti) = R ( i A t )  ~ 0.050 
VG(ti+l) - TG(ti) Ai(TG) 

- - -  ti+l - -  1i A I  0025 ~ 
(7) 0.000 6 ' 8 laO 1'2 1~4 1'6 18 20 

Time/min 
Ai(TG) At Fig. 2. Comparison between measured and calculated (mixed and : -- Z A / ( T G )  (8) 

Q : ~ At plug flow model) responses h(t)exp, cal (MS-curve) for a given input 
i=1 i=l 

signal g(t)exp (DTG). Total gas-flow rate: 40 ml min I (NTP). 
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Fig. 3. (a) Simple flow model. (b) Scheme illustrating mixing of an elementary pulse in the system. Curves marked by I, II and llI represent 
the signal measured at points I, II and III. Curves g(t) and h'(t) are identical, h'(t) is only shifted due to the time lag Tp. We denote by g(t): the 
normalised input signal given by the thermoanalyser; h'(t): the normalised input signal given by the thermoanalyser after the plug flow zone 
(h'(t) = g(t-rp)); h(t): the normalised output signal given by the mass spectrometer; rp and Tin: the residence times in the plug and mixed flow 
zone, respectively. Vd, Vp and Vm: the volumes of the dead, plug and mixed-flow zone, respectively. 

curves. We can distinguish three zones [1] in the sents the zone into which CO2 does not enter. This 
thermobalance chamber, which differ concerning zone can be calculated, but does not influence directly 
the governing mass-transfer conditions: the CO2 profile. The input signal is considered to be a 

set of idealised pulses (Dirac delta functions) injected 
1. the plug-flow or piston-flow zone, where the input into the system with a frequency u = 1~At and equal to 

signal is delayed; A t g ( i  At) 6(t  - i A t ) .  
2. the mixed-flow zone, where the input signal A scheme showing the mixing steps ofapulse in the 

changes its shape due to back-mixing; and system is presented in Fig. 3b. 
3. the dead-fluid zone, where CO2 produced in the We have 

decomposition process does not enter. 
h'( t i)  = { 0 fo r  ti < Tp (14) 

g(ti  - 7-p) for The simplest model having all required features is ti >_ Tp 

shown schematically in Fig. 3a. For this system, the or in a discrete form 
volumes of the plug and the mixed-flow zones, Vp and 
Vm, respectively, are calculated. The rest of the cham- h'( t i )  = ~ 0 for i At < Tp (15) 
ber volume forms the dead-fluid zone, which repre- I. g( i  A t  - ~-p) for i At _> rp 
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In the well-mixed zone of  the system, the mean of the Objective function " RSS0-p, 7-,,) 
residence time is T m and the residence-time distribu- 
tion can be expressed as: = Z [ h e x p ( t i )  -- hcal(ti: Tp, Tin)] 2 (20) 

i=0 (;:) = 1 exp - (16) The comparison between measured and calculated f ' ( t)  Tm 
(mixed- and plug-flow models) responses h(t)exp ' cal 

The response to each pulse A t g ( t i ) 6 ( t - t i )  (MS curve) for a given input signal g(t)exp (DTG 
entering the well-mixed zone at t : t i should be curve) is shown in Fig. 2 for the cartier gas-flow rate 
thus of 40 ml min i 

r, )1_  ( "] Similar fittings and recalculations were performed 
- = - for other flow rates of argon. The results are shown in h(ti, tj ti) Atg(ti  p Tm exp t j-- t i  

7"m / Fig. 4. 

(17) We can evaluate the accuracy of our model by 

when observed at t = tj (j > i). The responses of  all comparing the volume of  the thermoanalytical cham- 
signals entering the well-mixed zone before t = tj can ber to the values calculated from the total residence 
overlap. Thus, the observed response in the mixed times needed in both plug and mixed-flow reactors. 
zone equals the sum of all of  them: The volume of  the thermoanalytical chamber is: 

h(tj) = --At J~ro g( t i  --  Tp) exp ( _  tj - ti~ (1 g) Vexp = Hrr(D/2) 2 = 237r(2.6/2)2 cm x cm 2 

Tm \ Tm / ~ 122cm 3 (21) 

We have 
o r  

h( t j )  = h ( j A t )  gcal : Vp + Vrn : Fo;--oo~(Tp-+- Tm) (22) 

At j ( (j - / ) A t ' ~  with Po = l atm, To = 298 K, P = l atm, = - -  Z g(i At  - rp) exp \ - -  
Tm i=~t  t Tm "/ T = ( 2 7 3 + 7 3 0 ) =  1003 K (where 730°C represents 

the average temperature for 50% conversion of  CaCO3 
(19) for the five considered gas-flow rates Fo: 20, 40, 50, 80 

and 100 ml min-I  (NTP)). 
This procedure is equivalent to using Eq. (1 c) with 

the presumed form of  the residence time-distribution 

function. 10 , 20 

o.8 ,! 1 
4.  R e s u l t s  a n d  d i s c u s s i o n  _ ,/ 

5 0.6 / 
4.1. Calculation of the output signal h(t)ca, (MS ~- ~ ~ ~ ,/' ~ 5< 

curve) from known Tp andTm andmeasured ,~o.4 ///~8o ii 
input signal g(t)exp (DTG) ~, 

The flow model and the h(tj) calculated from : t  
the experimental input signal are functions of  ~ _  :~>~__ 

0.0 ' . . . . . . .  
the two parameters Tp and 7"m. The values of Tp 600 650 700 750 800 850 
and T m can be calculated as related to the minimum Temperature /°C 

of the total residual sum of squares of  the difference Fig. 4. Intensity of the output signal as a function of the gas flow 
between the experimental and calculated values rate. On the presented curves, the total gas-flow rate is expressed in 

o f  h ( t j ) ,  ml min ' (NTP). 
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Table 1 
Volumes and residence times as function of the total gas-flow rate 

Fo ml min -1 20 40 50 80 100 
Tp min 0.326 0.189 0.185 0.183 0.175 
Vp ml 21.94 25.45 31.13 49.27 58.90 
T m min 0.684 0.305 0.186 0.084 0.041 
Vm ml 46.04 41.06 31.30 22.62 13.80 
Trot = T o ~- Tm min 1.01 0.49 0.37 0.27 0.22 
Vca 1 = Vto t = Vp -]- Vm ml 67.99 66.51 62.44 71.89 72.70 
Lca~ Vc~/(Tr(D/2) 2) cm 12.81 12.53 11.76 13.54 13.69 
V d = Vex p - Vca I ml 54.01 55.49 59.56 50.11 49.30 
RSS min -2 1.02E-3 1.95E-4 3.61E-4 2.41E-4 6.81E-4 
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Fig. 5. Dependence of the Vp and Vm volume on the total gas-flow rate. Total calculated volume Vcal= Vp + Vm (A). Calculated mixed-flow 
volume Vm (o). Calculated plug-flow volume Vp (5).  The shaded area represents the dead zone in which the gas evolved by decomposition 
does not enter. 

The results of the calculations are listed in Table 1 (Table 1 and Fig. 5). An increase in the total gas-flow 
and the general dependencies of the Vp and Vm rate reduces both residence times 7p and Tm, because 
volumes on the flow rate are illustrated in Fig. 5. the total volume Vca  I remains unchanged as emerges 
The dead volume can also be estimated from the from Fig. 5. 
difference between the experimental and calculated 

volumes. Applying our model, we can calculate the 4.2. Calculation o f  input function g(t)cal (DTG)from 
time lag ~-p and determine the slight or significant shift known rp and T m and measured output function 
in the output signal. Regarding the influence of the h(t)exp (MS curve) 
residence time rm, we obtain an indication concerning 
the deformation of the shape of the input signal. An This procedure allows us to calculate the input 
increase in the total gas-flow rate reduces the mixed- signal originating from the release of COz during 
flow volume Vm and increases the plug-flow volume CaCO3 decomposition (DTG) from the recorded 
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MS signal. We can distinguish between the contribu- 0.200 g(t)c ~ 

tions from plug- and mixed-flow to the system and 0.175 g(t)~ ~ \  
treat them separately, o.15o \ 

\ /: 

4.2.1. Influence of plug flow 0.125 ~': ~'~' "T h(t)e~p 
c ,, . -  ¢ 

For the calculation, the influence of  the plug flow is E 0.100 ,, 
eliminated by shifting the output function h(t) by rp to ~ 0.075 ,i 
the left: ~ . / 

0 . 0 5 0  / 

h"(t) : h(t + "rp) ( 23 )  o.o25 ~ ': 

i h t 
or in a discrete form o00c 6 8 1'0 1'2 14 16 18 20 

h"(ti) = h"(i At)  = h(i A t  + Tp) (24) Ttme/min 

Fig. 7. Comparison of experimental and calculated input signal 
The sequence of  ideal zones [1] representing o u r  g(t)exp,cal (DTG) from measured h(t)~xp (MS curve). Total gas-flow 
model does not influence the result. The scheme rate is 40ml rain ] (NTP). 

applied for the calculation of  the input signal from 
the observed output signal is illustrated in Fig. 6. 

4.2.2. Influence of mixedflow calculations were performed for the other flow rates of  
The material balance gives: argon: 20, 50, 80 and 100 ml m i n ]  (NTP), demon- 

dh" strating the accuracy of  the model. 
g(t) : h"(/) + ~-T m (25) 

4.3. Influence of the diffusion of the evolved gas in 
or in a discrete form the carrier gas 

g(ti) = g(i A t ) =  h"( iAt )  Regarding the behaviour of the response signal 
+ h"((i + 1) At) - h"(i At) given by the mass spectrometer, we have observed tm (26) 

At that an increase in the flow rate of  cartier gas increases 

Knowing T m and h"(t), the input signal g(t)cal can the plug-flow region and significantly reduces the 
easily be calculated using Eq. (26). The comparison of  mixed-flow zone as emerges from Table 1. In order 
experimental and calculated input signal (DTG) from to check whether the considerations taking into 
measured MS curve is illustrated in Fig. 7. Similar account the molecular diffusion coefficient of CO2 

1 V m , ~ l  I I  . . . .  I I I  
i , /  

~ U ~ - -  - - * ~  I ~ - p,Tp i -  ; 
/ 

. - - - -  h " ( t )  , - . . . .  h ( t )  h (t) i . . . . . . .  . 
. /  \ 

h "  ( t )  ,, \ , \ 

/' +'~p 
/ "\ / 

\ / 

1 / ,\, 
i ", 

t 

Fig. 6. Scheme for the calculation of the input signal g(t)ca~ from observed output signal h(t)exp. The influence of the plug flow is removed by 
shifting the output function h(t)e~p by rp to the left (h"(t) = h(t + rp)~xp). 
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in argon lead to similar conclusions, the following LD/Lca l .  The total volume Veal, remaining unchanged 
calculations were performed. The molecular diffusion upon increasing the total gas-flow rate, indicates that 
coefficient was calculated from the expression [2,3]: the importance of  the plug-flow zone significantly 

grows when the mixed-flow zone decreases and vice 
DCO2, Ar v e r s a .  

3 
0.0018583 T2 [(Mco2 + MAr)/(Mco2MAr)] °'5 

Ptr202, Ar if2 4.4. Determination of the minimal total gas-flow rate 
with above which no significant difference between 

input (DTG) and output signal (MS curve) can 
/ 2 = f ( k ~ )  (28) beobserved 

If  the residence time in the plug-flow region is 
eco2, Ar = ~ eAr (29) infinitely short, the curves g(t) and h(t) will depend 

only on the mixing zone and the influence of  the 
Ocoz, Ar = 0.5(O'co2 q'- O'Ar) (30) residence time in the plug-flow region, expressed by 

and Mcoz = 44.01 g mol - l ,  Mar = 39.95 g mo1-1, a time lag of  the output signal, is negligible. Using the 
P = 1 × 105 Pa, Crco 2 = 3.941 A, aar = 3.542 A, statistic F-test, we can introduce the ratio Ttot]tN as  a 

criterion which relates the effects of  progress of  solid eco2/k = 195.2K, eAr/k = 93.3K, /2 = f ( 7 . 4 3 )  
0.78, we obtain at ]" = 1003 K, Dco2, Ar = decomposition, rate of mass transfer by convection, 
1.17 cm 2 s- l  diffusion or dispersion and total gas-flow rate. In this 

Considering the relationship between the diffusion criterion, tN is the characteristic time of  the decom- 
path length and the residence time (also diffusion position process, defined as: 

time) in a pipe (well-mixed and plug-flow zone), lAg I 
tN -- (33) 

7-to t -- ~ (31) ]Og/Ot[max 

Dco:, Ar The subscript 'max '  indicates that the maximal rate of 
where LD represents the length of  the thermoanalytical the change of  the input signal 'g '  is considered. The 
chamber over which diffusion occurs, we obtain after graphical determination of  tN is presented in Fig. 8. 
rearranging Eq. (31): With the given criterion, we can determine whether the 

influence of  the gas flow on the output signal is 
LD = v/Dco2, Ar "/'tot (32) negligible or significant from a statistical point of  

which leads to the ratio Lo/Lcal, where view. The F-distribution function is used for calculat- 
Lcal = Vcal/(Tr(D/2) 2) characterises the length of  ing the 95% confidence limit for the minimum gas- 
the thermoanalytical chamber without the dead zone. flow rate required for a proper description of  the 
The values of  LD/Lcal are summarised in Table 2. thermoanalytical curve from the measured MS curve. 

As emerges from Table 2, an increase in the gas- Under these conditions, the deviation of  two repeated 
flow rate leads to a significant decrease in the ratio measurements equals that between the input and the 

Table 2 
The ratio LD/Lca I a s  a function of the total gas-flow rate assuming constant total volume Vca I (see Table 1 and Fig. 5) 

Fo(NTP) ml min - i 20 40 50 80 100 
"/tot rain 1.01 0.49 0.37 0.27 0.22 
Lo cm 8.42 5.89 5.10 4.33 3.89 
Lea1 cm 12.81 12.53 11.76 13.54 13.69 
LD/L~ % 66 47 43 32 28 

LD: length of the therrnoanalytical chamber over which diffusion occurs. Lcal: calculated length of the thermoanalytical chamber without the 
dead zone. 
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z in Eq. (34) is expressed by the formula: 
- lit 

z(f, f2, P) - -  up d ( @ + 2 )  
' v/~ 6 

1 [u 3 + 3up (u 3 + l lup)hd 2] 
ID3 Ag 12h + i-4  / 

._~ d (u 4 + 9 u  2 + 8 )  
60h 

~k h d3 "3u4 
' + ~ 8 - ~ (  p + 7 @  - 1 6  ) 

• t, ~ "  ' Time" t +~ L[U5+2°u3+15uP48~ ~ (u5+44u32-88-0 + 183up)d4]-J 

d4h 2 
Fig. 8. Graphical presentation of the characteristic time of the + 62-~0~ ( 9 @ -  284U 3 -- 1513Up) 
decomposition process tN expressed as tN = ]Agl/lOg/Ot[ .... 
where subscripts 'max' indicates the maximal rate of the change where 
of the input signal g. 

I 1 2 
d . . . .  and h - I + l  f l  f2 ji f.~ 

output signal, as explicitly shown in Eqs. (37) and The value of the standard normal distribution Up for 
(38). In such a situation, an increase in the gas flow is P = 9 5 %  and fl ~ 150 and f 2 ~  150 is equal to 
not required any more because, from a statistical point 1.6759. 
of view, it will not improve the accuracy of the In order to compare quantitatively the similarity of 
description of the DTG curve by the MS curve, and the experimental data given by the mass spectrometer 
from the experimental side, it decreases the sensitivity (output signal) and the thermoanalyser (input signal), 
of the analysis, and the data obtained from the thermoanalyser during 

two repeated identical conditions (input signal), we 

4.5. Determination of  the F-distribution applied the following expression: 

RSS2/f2 
To perform the F-test for the chosen confidence Fe×p- RSSl/fl (36) 

level, the F-distribution can be approximated with 
Eq. (34)[4] if fl > 4 and f2 > 5 with RSSi/,fll > RSSz/f2, where RSSI/)'i is the sum of 

residual squares between two (in order to consider the 
F(fl ~ 150, f2 ~ 150, P = 0.95) = e 2z(f''f2' P) influence of the experimental errors) experiments 

(34) performed under the same conditions and RSS2/f2 is 
where: the sum of residual squares for one flow rate between 

the input and output signals given by the thermoana- 
lyser and the mass spectrometer, respectively. 

j~ degrees of freedom of the F-dis- 
RSS is defined as follows: 

tribution, equal to the number of 
experimental points n; n X--'/ 

i ) 2  
subscript '1' repeated experimental conditions in RSSI = Z_.,dnput signal i input signalrepeated, 

i = 1  
order to consider the experimental (37) 
error; 

n 
subscript '2' input and output signals; RSS2 -- Z..~X'qnput signali) 2 signal/ output 
n number of the experimental points i=1 

for one signal (~ 150); and (38) 
P probability: 95%. 
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Table 3 
Ratios 7"to,/tN and Fexp/F as functions of the total gas-flow rate Fo and 1/Yto t. (F o oc 1/rto t because Veal =~ constant Eq. (22)) 

F o cm 3 min(NTP) 20 40 50 80 100 
l/Tto t min 1 0.99 2.04 2.70 3.70 4.54 
T t o t / l  N - -  1.09 0.77 0.60 0.44 0.32 
F~xplF --,= 8.07 3.41 1.75 0.83 0.57 

to a diffusion path length L D c a n  be set as equal to that in 
Ar in order to keep the same relation between the DTG 

0.8 6 and MS curves: 

LD, Ar, crt = LD, NC, crt (39) 
z 0.6 u- 

% 4 [~ where NC is new carder gas under which the decom- 
0.4 --- __ position occurs and 'crt '  is critical value given by the 

2 criterion of  the residence time, with 0.2 

, LD, NC, crt = v / D c o 2 ,  NC "/-tot, crt 
I I I I 

F o/ml/min 20 40 60 80 100 [ 

, , , , , , , , , , , V D  Lcal, crt 
1/'~/min -1 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 = CO2, NC - (40)  

UNC, crt 

Fig. 9. Ratios 7-totltN (A)  and Fexp/F (O)  as functions of the total 
and the expression of  the gas velocity 

gas-flow rate Fo and l/~-tot. A ratio Fexp/F greater than 1 indicates 
that f°r fl°w rates l°wer than ab°ut 75 ml min- l °r f°r rati° Tt°t/tN ~ ~ /  ( 
higher than 0.45, the output signal does not describe properly the UNC, err = F0, NC, crt 7 r ( D / 2 )  z) (41)  
input signal given by the thermoanalyser. 

We obtain after rearranging Eqs. (39)-(41) 

Lcal, crt 1r(0/2)2 To P A ratio Fexp/F > 1 indicates that the output signal F0, NC, crt = Dco2 NC T . . . .  
determined for the considered flow rate does not ' Lo, Ar, crt T P0 
describe properly the input signal given by the ther- (42) 

moanalyser, where 
By repeating the F-test for all flow rates 20, 40, 50, 

80 and 100 ml min- l  (NTP) (Table 3 and Fig. 9), w e  Lcal, ca ~-- a v e r a g e  (Lcal, 20-100 ml min i ), because it 
find that for flow rates higher than ~ 75 ml min- t  can be assumed that the total volume Vtot 
(NTP), no significant difference between the input and does not depend on the flow rate (Table 1 
its corresponding output signal is observable (Fexp/ and Fig. 5 ) a n d - - ( 1 2 . 8 1 + 1 2 . 5 3 + 1 1 . 7 6 +  
F _< 1). Thus the criterion Ttot/tN allows to quantify the 13.54+13.69) / 5 = 12.9 cm; and 
influence of  the gas-flow rate on the proper description 

of  the input signal (DTG) by the output signal (MS). Lo, ar, crt = v/Dco2, A~ "/tot, critical = 

According to Fig. 9 and Table 3, for a ratio Ttot / 1 

tN < 0.45, the difference between the input and output V/1.17 cm 2 s -I  6~s = 4.42 cm, ( w i t h 
signal is negligible. The choice of  the carrier gas 1//Ttot, critical = 3.6 min -1, obtained from 
influences this critical value. Fig. 9). 

When the diffusivity of  evolved gas (in our case 
CO2) is higher in another carrier gas, then an increase For helium, Dco2, He is equal to 1.85 cm 2 s-1 for the 
in the total flow is required to fulfil the global criterion above conditions what requires an increase in the total 
of  the residence time. For another carrier gas, the flow to about F0---- 116 ml min i compared to 
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flOW, mixed-flow and dead zone. It takes into account 
i~ / '/~' the influence of  convective and diffusional mass 

transfer which can result in significant deviation (time 
,~ ~ lag and shape of  curves) between the measured DTG 

: ~ 'i and MS curves. The model allows to quantify these 
i '/ deviations for particular experimental conditions (car- 

.~ i '/ rier gas-flow rate and diffusivity of  evolved gas) and 
I ., provides a criterion for finding the minimum carrier 

o, -~ 5 m,o i'l ".~ He gas-flow rate at which the diffusional effects do not 
~ A/\ cause significant deviation between the DTG and MS 

. . . . . . . . . . . . .  :~' "-~ curves. The criterion relates the total residence time to 
, , , , , , t the characteristic time of  the decomposition process. 

t i m e  / ra in  Generally, it can be stated that the higher the diffu- 
sivity of  the evolving species in the carrier gas, the 

Fig. 10. MS curves obtained after injection of a 1 ml pulse of CO2 higher is the minimal required carrier gas-flow rate. 
into the carrier gas (Ar or He) flowing with a rate 
Fo = 20 ml min 1. Thus, the choice of the carrier gas strongly influences 

its minimal required flow rate and thereby the sensi- 
tivity of the mass spectrometric analysis. 

75 ml min-  l for argon. This ca. 1.5 higher flow causes 
a decrease in the CO2 intensity recorded by the mass 6. Notations 
spectrometer. In the case of  argon, a flow rate of 
75 ml min-1 (NTP) is sufficient for a proper descrip- 
tion of  the thermoanalytical curve (DTG) from the MS ~ heating rate (K m i n  i) 
curve, but this flow rate is obviously too low for c concentration (mol 1 - l )  
helium. The higher diffusivity of  CO2 in He signifi- d parameter of  the F-distribution ( - - )  
cantly changes the shape of  the MS output curve what D internal diameter of  the thermoanaly- 
is especially visible at low flow rates. MS curves tical chamber (cm) 
obtained by the injection of  a 1 ml pulse of  CO2 into DC02, Ar molecular diffusion coefficient of CO2 
the stream of two different carrier gases: Ar and He in argon (cm 2 s t) 
(Fo = 20 ml min -1) are presented in Fig. 10. Due to Dco2, He molecular diffusion coefficient of CO2 
the much higher molecular diffusion coefficient of  in helium (cm2s i) 
CO2 in helium than in argon, the mixed-flow zone in Dco2. NC molecular diffusion coefficient of CO2 
helium significantly increases. This fact indicates that in the new carrier gas (cm 2 s-1 ) 
in order to decrease the total gas flow through the DTG derivative thermogravimetric curve ( - -  
thermoanalyser (what leads to an increase in the ) 
intensity of  the MS curves) it is necessary to use a t5 Dirac delta function, pulse ( - - )  
carrier gas such as argon in which the diffusivity of  the At interval of  time (min) 
evolved gas is low. e energy of  molecular interaction in 

Lennard-Jones function (J) 
f residence-time distribution function 

5. Conclusion (min i) 
f '  residence-time distribution of a Dirac 

The decomposition of  CaCO3 has been used as a delta function in a well-mixed reactor 
test reaction to investigate the interrelation between (min- l )  
DTG and MS curves in a combined TA-MS. A model fl degree of  freedom of the F-distribution 
has been developed based on the separate considera- (repeated experiments for experimental 
tion of  three different zones in the system: the plug- error determination) (---) 
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f2 degree of freedom of the F-distribution RSSt sum of residual squares between two 
(input and output signals) (--) (in order to consider the influence of 

Fo gas-flow rate of the carder gas (NTP) the experimental errors) experiments 
(cm 3 min -1) performed under the same conditions 

F approximated formula of F-distribution (min -2) 
for F-test (--) RSS2 sum of residual squares for one flow 

g normalisedinput signal, (obtained from rate between the input and output 
the DTG-curve)(rain -1) signal given by the thermoanalyser 

h normalised output signal, (obtained and the mass spectrometer, respectively 
from the MS-curve) (min -1) (min 2) 

h' g(t-Tp) normalised input signal given ~r 'collision diameter' in Lennard-Jones 
by the thermoanalyser after plug-flow function (,~) 
zone (min l) t reaction time (min) 

h" h(t+'rp) normalised output signal given T temperature (K) 
by the mass spectrometer. Plug-flow 7" average temperature for 50% conver- 
zone removed (min -1) sion of CaCO3 for five considered gas- 

H height of the thermoanalyser chamber flow rates Fo: 20, 40, 50, 80 and 
(cm) 100 ml min- 1 (NTP) (K) 

i i th interval of time (--) TG thermogravimetric curve 
I intensity of the signal measured by the tN characteristic time of the decomposi- 

mass spectrometer (A) tion process, defined in Eq. (33) (min) 
j jth interval of time (--) ~- residence time (min) 
J amount of CO2 measured by the mass ~ average gas velocity in the thermoana- 

spectrometer (A min) lytical chamber (cm s - l)  
k Boltzmann constant 1.380658e-23 Up value of the standard normal distribu- 

(J K 1) tion for P, f l  and f2 (--) 
Lcaj calculated length of the thermoanaly- V volume (cm 3) 

tical chamber without the dead region ~2 'collision integral' for molecular diffu- 
(cm) sion in Lennard-Jones function (--) 

LD length of the thermoanalytical chamber z function for the approximated F-dis- 
over which diffusion occurs (cm) tribution formula (--) 

M molecular weight (g mo1-1) 
n number of experimental points ( - - )  6.1. Subscripts 

u (= 1/AT) frequency of idealised pulses (Dirac 
delta functions) injected into the sys- cal calculated 
tem (min -1) crt critical value given by the 'global 

NTP normal temperature and pressure, 25°C criterion of the residence time' 
and 1 atm d dead zone 

P pressure (Pa) D diffusion 
Q amount of CO2 produced and measured exp experimental 

by the thermoanalyser, weight loss of i ith interval of time At 
CaCO 3 (g) in input 

R signal given by the thermoanalyser, j jth interval of time At 
rate of weight loss by CaCO3 (g min- 1) 0 NTP, normal temperature and pressure 

RSS RSS('rp, Tm) total residual sum of out output 
squares of the difference between the m mixed flow 
experimental and calculated values of NC new carrier gas under which the 
the output signal h (min -2) decomposition occurs 
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