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Analysis of the Response of Thermal Sensors in Adsorption
Microcalorimetry

V Garcia-Cuello ', J C Moreno-Pirajan " *, L Giraldo-Gutiérrez >, K Sapag’

Abstract — Three different designs for adsorption calorimeters are presented,
which use sensors based on the Seebeck effect. The noises of signals with respect
to the baseline are evaluated on each one of the builded equipment and the
detection limit of the thermal effects is expressed in pWatt. It was determined that
the different designs and working conditions affect the baseline noise and the
detection limit. Values of the noise in the baseline are between + 100 pV and + 0,5
uV and between 887,2 and 24 pWatt. These values allow making measures in the
solid-gas interphase with very good precision. Copyright © 2009 Praise Worthy
Prize S.r.l. - All rights reserved.

Keywords: Adsorption calorimeter, noise baseline, heat flow, Seebeck effect
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l. Introduction

When a calorimetric project is undertaken, it is necessary to choose the method. The factors that must
be considered in the selection of a calorimetric method are numerous.

One of the most important factors to be considered is the required precision. The required effort
increases exponentially with the desired high precision. Some calorimetric measurements near room
temperature can be made with 1% of precision using a Dewar bottle of common use in the laboratory and
a very simple instrumentation. Precision measurements of up to 0,1%, require an increase of at least one
or two orders of magnitude in the efforts to reach this precision level.

Precision measurements of up to 0,01% are usually non practical for some calorimeters, although in
some cases with many efforts this level of precision can be obtained. At extreme temperatures or other
conditions, the difficulties to maintain this precision near 1% can be as great as to maintain it in the order
0f 0,01% at room temperature.

Another important factor related to the required precision is whether relative or absolute measurements
will be made. If the required precision is not very high, as the precision obtained in calorimetric
measurements published on certain materials, then the use of a reference material can be advantageous for
“calibrating” a less complex calorimeter.

The physical properties of the sample and the thermal properties to be measured usually have a
considerable influence on the selection method and calorimetric design. The temperature and the involved
precision rank in the measures are important, as well as the amount of sample available. If only some
milliliters of solid or liquid sample are available and it is required to realize a great number of
measurements, the use of the “drop” method offers a greater simplicity. This method is very useful to
obtain heat capacity values if this one does not change quickly with the temperature [1-26].

If the measurements involve small heat variations, it is very advantageous to use the “twin calorimeter”
system to decrease the errors introduced by uncertainties due to loss of heat. In microcalorimetry, the twin
calorimeter frequently is therefore used.

Other important factors that must be considered in this exciting and delicate task of designing and
constructing calorimeters, are briefly enumerated below:

Rank of work temperature

Duration of the experiment.

Costs of the required apparatus.

Availability of the elements and the personnel required.
Mechanical aspects.

Electrical aspects

Within these aspects it is important to consider the system of thermal registry that is going to be used;
in the high precision calorimeters as those described in this investigation, those based on the Seebeck
effect, i.e. thermopiles, are used as thermal sensors [25].

1.1 Thermopiles Theory

An important aspect in the design calorimetric is the choice of sensor. In this study we have used
thermopiles operating under the Seebeck effect. Several researches have made a clear description of this
phenomenon thermoelectric, but we in this part we have taken the developers authors of the reference
[26].

The Seebeck effect

If two semiconductors a and b are joined together at the hot point and a temperature difference AT is
maintained between this point and the cold point (see Fig. 1 (a)), then an open circuit voltage AV is
developed between the leads at the cold point. This effect, called the Seebeck effect after its discoverer T.
J. Seebeck (1770 - 1831), can be mathematically expressed by

AV =a AT M

Where as is the Seebeck coefficient expressed in V/K (or more commonly in pV/K). It was found that
only a combination of two different materials, a so-called thermocouple, exhibits the Seebeck effect. For
two leads of the same material no Seebeck effect is shown, for reasons of symmetry. It is, however,
somehow present because the Seebeck effect is a bulk property and does not depend on a specific
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arrangement of the leads or the material, nor on a specific way of joining them. This bulk property can be
expressed as

VE./q=aNT @)

Where EF is the Fermi energy (and EF/q = ®F is the electrochemical potential), and where the
Seebeck coefficient as depends, among other things, upon the chemical composition of the material and
upon the temperature.
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Fig 1. (a) Seebeck Effect.
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Fig 1. (b) Variation of EF due to AT. (with permission of Elsevier) [26]

The Seebeck coefficient of, for example, silicon, can be derived by setting as as (see Fig. 1(b))(with
permission of Elsevier)[26]

d
=—|(E 3
a, qdT(F) (3)

For non-degenerate silicon the Seebeck coefficient may be approximated by using simple Maxwell-
Boltzmann statistics. Three main effects are present.
First, with increasing temperature the silicon becomes more intrinsic:

d

K 3

W(EF) EC_EF:_E(ln(NC/n)_'-E 4)

where Ec is the conduction-band edge energy, Nc the conduction-band density of states, n the electron
density (fixed by the doping concentration) nd and k the Boltzmann constant.

Secondly, with increasing temperature the charge carriers have a higher average velocity, leading to
charge build-up on the cold side of the silicon.

Moreover, the scattering of charge carriers is usually energy (and thus temperature) dependent,
likewise leading to charge build-up on the cold or hot side of the silicon, depending on whether the hot
carriers can move more freely than the cold carriers or are 'trapped' by increased scattering:
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d K
_(EF Mr = __(1+S)
qdT q 5)

where 1 is the relaxation time (mean free time between collisions) and s is the exponent describing the
relation between t and the charge-carrier energy.

Finally, the temperature difference in the silicon causes a net flow of phonons from hot to cold. In a
certain temperature region (10 to 500 K) and for non-degenerate silicon, a transfer of momentum from
acoustic phonons to the charge carriers can occur. As there is a net phonon momentum directed from hot
to cold, this will drag the charge carriers towards the cold side of the silicon. This effect may be
represented by:

d

K
—(E =
da( F1¢n q¢n

(6)

in which ®n denotes the phonon drag effect. In sum, the total Seebeck coefficient in non-degenerate
silicon becomes:

a, =—£{ln(Nc/n)+§+sn+¢n} n —type

a 2 )
as=+£{ln(Nv/p)+§+sp+¢p} p —type

a 2 ®)

where s is of the order -1 to 2, and where he phonon-drag contribution ® ranges from 0, for highly-
doped silicon, to approximately 5, for low-doped silicon, at 300 K, while @ ranges from 0, for highly-
doped silicon, to 100, for low-doped silicon, at low temperature (100K). In practice, the Seebeck
coefficient may be approximated, for the range of interest for use in sensors and at room temperature, as a
function of electrical resistivity:

a,=In(p/p,)
g ©)

Il.  Experimental Section
11.1.1. Design Criteria

The desired equilibrium information for adsorbed mixtures is the pressure and composition of the gas
phase above the adsorbent for a given loading, as well as the heat evolved for differential increases in the
loading. Because we consider direct calorimetric measurements of differential heats to be more reliable
than differentiation of isotherms at various temperatures, the instrument was built around a Tian-Calvet
calorimeter. Practical limitations on the ability to integrate the heat flow in the calorimeter as a function
of time required that equilibrium be established in 15 min or less. The necessity of establishing
equilibrium within 15 min of changing the sample loading placed a stringent limitation on the design. The
major limitation for the attainment of adsorption equilibrium is gas-phase mixing in the region above the
sample. On the basis of a typical gas-phase diffusion coefficient of 0.1 cm2s-1, a tube length of even 10
cm will result in mixing times of 1000 s. This imposes significant challenges on the instrument design.
While imposed circulation would alleviate this problem, forced flow would also complicate the design of
the calorimeter because of convective heat losses. The maximum distance within our equipment (from the
bottom of the sample cell to the diaphragm of the pressure transducer) was approximately 10 cm. The
pressure transducer was chosen for its small dead volume. The leak valve for the composition
measurements was welded directly on the top of the cell to minimize the dimensions of the apparatus.
These design criteria could only be met by a custom-made calorimeter. In general this calorimeter is
based in literature design and experience of our laboratory [27, 28].

11.1.2. Practical Calorimeter

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved International Review of Chemical
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In the idealized calorimeter, the temperature of the gas in the sample loop decreases upon expansion
while the temperature of the gas in the sample cell increases as it is compressed by the incoming gas. In
the absence of adsorption, heat is absorbed by the dosing loop and heat is liberated by the sample cell
until the pressures equalize and the temperature returns to T,. For a perfect gas, the two effects cancel
because the enthalpy of a perfect gas is a function only of temperature.

Our design is a modification of the idealized calorimeter in which only the sample cell is placed in the
calorimeter. Because the dosing loop and valve are external to the calorimeter, adding a dose of gas to the
sample cell generates an exothermic heat of compression in the sample cell which is not cancelled by
absorption of heat in the dosing loop. The spurious heat of compression calculated from eq 21 is
subtracted from the total heat registered by the calorimeter in order to obtain the heat of adsorption.

11.1.3. Description of Model I Microcalorimeter

A diagram of the calorimeter apparatus is shown in Figure 2; the components are described in Table 1.
A picture of the sample cell and its connections is shown in Figure 3. The stainless steel cube is the
sample cell for the adsorbent and adsorbate. The use of stainless steel to maximize heat conduction
through the top of the cell is a crucial element of the design of the heat conduction type. The stainless
cube is surrounded on all four sides and on the bottom by square thermal flow meters (shown in the
picture) obtained from the Melcor Corporation™. Each thermopile is a 40x40x2 mm ceramic plate with
about 240 embedded thermocouples for detecting temperature differences across the plate.

Fig 2. Schematic diagram of microcalorimeter system and auxiliary equipment.

TABLEI
COMPONENTS OF MICROCALORIMETER. KEY TO FIGURE 1.

No. Description Model No.

1 Gas 1 inlet

2 Gas 2 inlet

3 To vacuum pump

4 Three-way valve

5 Inlet valve to the dosing loop

6 Outlet valve from the dosing loop

7 Pressure transducer for the dosing loop Teledyne™

8 Liquid nitrogen trap

9 Valco six-way valve

10 Calibrated dosing loop (5 cm’)

11  Variable leak valve Granville-Phillips 203™

12 Cell outlet valve

13 Pressure transducer for the cell Edwards™, 655 and 622
Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved International Review of Chemical
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14  Reference cell

15 Calorimeter cell

16  K-type thermocouple

17  Thermopiles Tellurex Corporation™
18  Heat sink (aluminium block)
19  Turbo pump Pfeiffer ™

20  Data acquisition board

21  Computer

The signal from these thermopiles was input to a system for the data acquisition through a computer.

The sample cell slides into cubical holes cut into an aluminum block (10x13x8 cm,
mass 1 kg). A silicone based heat-sink compound was used to ensure good thermal
contact between the Al block and the thermopiles and between the thermopiles and the

stainless steel.

The cubical stainless steel cell shown in Figure 3 on the top was inserted into a Cajon fitting, which
provides a vacuum seal by compression of a Viton O-ring. The Cajon fitting connects to a custom-made T
connection onto which are welded the leak valve, the pressure head, the connection to vacuum, and the
0.01-in. bore tube from the dosing loop. The leak valve is connected through a 1/4-in.-0.d. stainless-steel
tube; the pressure head is connected through a 1/4-in. 8 NPT fitting; the valve that opens to vacuum is
connected through a 1/4-in. VCR fitting. The pressure head was chosen for its small dead space (2.0
cm3). The total dead space is 17.8 cm3 for the (empty) sample cell, the dead space inside the pressure
head and the lines to vacuum, the dosing loop, and the RGA leak valve.

Gas was introduced to the sample cell from the dosing loop using a six-port Valco sampling valve
connected to a small bore (0.01-in.-i.d.) tube. The small diameter of the tube prevents back mixing of the
mixture into the dosing loop.

Fig 3. Picture of the stainless steel sample cell and connections to the pressure head,
vacuum line, dosing loop and leak valve. The stainless steel sample cell is surrounded
by thermopiles set into an aluminum heat sink.

This tube enters the T-shaped connector from the back (the welded connection does
not appear on Figure 3) and extends downward, with the opening 5 cm above the
bottom of the sample cell. Two small metal cylinders with a Viton O-ring between them
were inserted in the NPT connection to the pressure head to make a vacuum seal.

The adsorbent was covered with a 1.5 cm layer of glass chips to minimize heat loss
through the top of the cell and regenerated in situ.

11.1.4. Description of Model Il Microcalorimeter.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved International Review of Chemical
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Figure 4 shows a complete exploded view of the adsorption calorimeter built here, which is not very
common and has not been considered in the literature.

A detailed view from the inner part of the equipment toward the exterior of the calorimeter is shown.
In the diagram, part number 1 corresponds to the calorimetric cells made of stainless steel (sample and
reference), which are embedded inside a large block (also divided in two parts) in stainless steel , parts 4a
and 4b, which acts as deposit of the thermostatic liquid; due to its thermal diffusion coefficient, this set
allows the rapid heat conduction towards the surrounding of the calorimeter. The calorimeter cells are
fixed to the block through part 2, constructed in stainless steel; the sensor with thermopiles is shown in
the figure as part 3. The whole set is placed inside a nylon block ( not shown in the Figure 4) to isolate it
from the surroundings and to allow the rapid stabilization of the temperature. The calorimetric cell have
external measures are 36mm in the base by 95 mm in height. Nevertheless inside the volume is of 5 mL
due to its tubular structure.

Fig 4. Exploded view of the adsorption microcalorimeter.

At the top part of the block and the profile where the thermopiles and the calorimetric
cells are placed. The thermal effects are sensed through ten thermopiles (five for each
cell), trademark Melcor Corporation™, connected in series to increase the sensitivity of
the microcalorimeter. These thermo elements, due to Seebeck effect, generate a voltage
signal which is proportional to the heat flow produced in the cell.

This thermoelectric potential is recorded by means of a 62 digits Aligent multimeter,
model 34349, and is connected to a computer through an RS-232 interfase.

Figure 4 shows the microcalorimeter designed in this work connected to the
adsorption system constructed specially for this equipment in stainless steel to allow for
the simultaneous measurement of the heat of adsorption and the isotherm. The
connection is through two pressure transducers, one in the range of high pressure (1000
Torr), and the other in the range of low pressure (10 Torr). The transducers are a
trademark Edwards. The station is complemented by two vacuum pumps, a rotating one
and an ultra high vacuum one, and an oven for degassing the sample, with a temperature
controller. The adsorption system is connected to a system of data capture developed in
our laboratory [27,28].

11.1.4.1. Electric calibration of the adsorption microcalorimeter.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved International Review of Chemical
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In order to establish the correct functioning of the micro calorimeter, which is then
connected to the volumetric adsorption unit, the sensitivity is evaluated determining the
calorimeter constant.

The calibration constant reports the voltage generated by the calorimeter when a heat
flow is emitted from inside the microcalorimetric cell.

There are two methods to determine the calibration constant K:

e Determination of the calibration constant by application of electric power.

This method is based on the dispersion of an electric work ,W,, through an electric resistor through
which an electric current, i, passes during a certain amount of time t; in the micro calorimeter a voltage,
V,, is generated and this is measured.

According to Steckler, Goldberg, Tewari and Buckley [29,30] the micro calorimeter calibration
constant, K, is given by:

_ We _ Vit
vt [yt

(10)

Where V. is the voltage provided to the resistor, i is the current that passes through it and t is the time
expressed in seconds.

e Determination of the constant by the stationary method

This is an alternate method to the one above, which is useful to compare and evaluate whether the
constant K assessed by the above method is correct. The method consists in applying a constant voltage,
V., through the micro calorimeter electric resistor until the voltage generated by the calorimeter, V,,
reaches the condition of stationary state. Under these conditions, K is given by:

K = (EJ (11)
Vt stationary

I1.1.5. Description of Model 111 Microcalorimeter.

In this equipment the thermal gradient calorimeter transfers all the heat developed in a reaction to its
surrounding heat sink at constant temperature. This equipment uses a 3D sensor type. Transient as well as
steady state energy releases may be measured.

The walls are composed of a thin high temperature thermopile structure containing thousands of
junctions which are in thermal contact with one wall surface, and the other set is in contact with the
opposite surface. As heat flows through the walls a temperature difference is established between both
sets of thermopile junctions, thus generating a voltage wich is directly proportional to the heat flow. The
large numbers of thermopiles develop extreme sensitivity under diminute heat flows. See Figure 5.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved International Review of Chemical
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Thermocouple Gas openings
Insulation

Signal output, Cup #1
Semi-conductor thermopile modules
Insulated Plug

Lid, Alurninum

Signal output, Cup #2

Sample chamber, Aluminum
Aluminum block {one piece)

A

K

Fig 5. Adsorption Microcalorimeter with 3D sensors type.

I11. Discussion and Conclusions

A thermoelectrial registry with each one of the calorimeters constructed for this investigation is
obtained, with the aim of establishing their detection limits and sensitivity.

Figure 6 shows a potentiogram elaborated with the equipment in Figure 3 (Model I); a zoom is applied
to the potentiogram interval between 2000 and 2550 seconds to evaluate the noise in the baseline
potential signal obtained in this equipment, with a value of + 15 pV and 887uW of power in the heat flow
measurement, under operational conditions. These results in the thermopiles answer, the test design, are
within levels that allow undertaking solid-gas interphase studies with a reasonable precision. The
thermogram shows that in approximately half an hour in a measurement of electrical calibration the
thermopiles signal becomes stabilized.

0.060000 R ERE
vz Stability 887 2 microvvatt
] amew
0050000 | Fabeei
. ﬂ.WBl)D
aposze
0,040000 -
E 0,030000 -
& g ozooo 4
0,010000
0,000000
1000 2003‘—/ 2000 S000 G000
-0,010000
time(s)

Fig 6. Potenciogram obtain with calorimeter Model I. Noise in the stability line is £ 15
pV and range of heat flow measurement of 887,2 uWatt.

A more detailed study was made on the noise resulting in the baseline signal for the calorimeter
builded and illustrated in Figure 4 (MODEL II). Figure 7 shows a section of the sensors answer obtained
from a cell; the noise level of the cells is 100+ pV. This level is greater than that obtained for Model I
microcalorimeter, but it must be emphasized that this determination is performed without a strict
temperature control, and with another type of sensor disposition, since in the first design there are only 5
sensors, whereas in this second model there are altogether 10 thermopiles connected in serial and
contraposition.
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Fig 7. Potenciogram obtain with calorimeter Model II. Noise in the stability line is 100
uVv.

When measuring the signal on the same calorimeter once assembled with the two cells (test and
reference) and with an ice-water bath, the noise level decreases to = 50 pV, result obtained during a
stabilization time of 4 hours in the output signal of the equipment.

When the equipment was stabilized at a temperature of 18°C + 0,001, as shown in Figure 8, the noise
surprising reaches a low value of = 5 uV, an excellent value compared to those reached in our laboratory
and to those reported in literature.

0,020000 - 'z B § & B B
0 0 ORDED
D,D1 5000 4 £ dpobagn
* 0,000 %00
0,010000 A a0 e
Bl
0,005000 A
s 0 w
*' noooooo A . . .
000 4000 000 8000
-0,005000 -
-0,010000 -
0015000 -
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Fig 8. Potenciogram obtain with Calorimeter Model II. Noise in the stability line is £ 5
V.

The difference with respect to the result of + 50 uV obtained with the ice-water bath is explainable,
because the evaporation control system is complex and this is reflected in the output signal noise in the
Sensors.

Later, a study under optimal conditions was made with this equipment where the temperature was
controlled during the signal capture and a noise level of = 0.5 uV was obtained, as well as a value of 481
pW as the range of measurement for the heat flow, values that really show a great contribution of this
Calvet type calorimeter design, as shown in figure 9.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved International Review of Chemical
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Fig 9. Potenciogram obtain with calorimeter Model II. Noise in the stability line is +
0.50 puV and the range of heat flow measurement is of 481 uWatt.

Finally the Model III Microcalorimeter of Figure 5 was designed and constructed; as it can be seen the
baseline noise signal, under operational conditions, is 0.5 uV and 24 pW. These results shows that the
change in the sensors design is fundamental and cause an impact on the heat flow measurement range,
value that is excellent for the type of studies that usually are performed with this type of equipment. As
shown in figure 10, this calorimeter uses 3D sensors that are more accurate than those used in previous
models in determining any thermal effect ,since in this one the calorimetric cells of measurement rolls in
all 3 dimensions. It is necessary to point out that with this equipment a heat detection limit was obtained
far beyond that reported in specialized literature, making of this equipment a novel contribution.

E e % 3 B B < 0000000

T stability 24microvyatt
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-0 00400
i 200 400 00 200 1000 1200
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Fig 10. Potenciogram obtain with Model III calorimeter. Noise in the stability line is +
0.50 pV and the range of heat flow measurement is of 24 uWatt.

Thus, three equipment of very good operation and thermal characteristics was designed and builded
which can to be used for studies in the solid-gas interphase and additionally, it is worth to say, at a
reasonable cost in comparison with the commercial ones.
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