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Abstract 

A thermogravimetric instrument that works at high pressure of different gases has been 

designed and assembled. The instrument has been devised to work in a temperature range 

from room temperature to 1000 ºC in various controlled pressures of selected gas up to 

15 bar, and under conventional rising temperature and Constant Rate Thermal Analysis 

(CRTA) modes. CRTA method allows an intelligent control of the reaction temperature 

using a feedback system that monitors the mass gain or mass loss of the sample in such a 

way that the reaction rate is maintained constant all over the process at a preselected 

value. CRTA method provides a significant advantage for studying processes under high 

pressure as it reduces heat and mass transfer phenomena that are very relevant under these 

high-pressure experimental conditions. The thermal oxidation of Ni at 8 bar of pure 

oxygen has been used for testing the performance of the instrument under both linear 

heating rate and CRTA conditions. 
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1. Introduction 

Gas pressure is a key parameter in the kinetics and thermodynamics of gas-solid 

processes. Experiments under high gas pressure allow obtaining information under 

realistic conditions of application, separating overlapping thermal events, or accelerating 

the processes.1-5 Nevertheless, the acceleration induced by the gas pressure might produce 

significant heat and mass transfer gradients and, therefore, the experimental results might 

not be representative of the process.6-9 Additionally, if the amount of heat released or 

absorbed by a reaction is significant, it could cause significant self-heating of self-cooling 

of the sample, especially if the process takes place over a short period of time. Taking 

into consideration all these limitations, obtaining reliable experimental data for 

performing kinetic or thermodynamic analysis under high gas pressure is quite 

challenging for many processes. Conventional studies are based on either heating the 

sample under controlled linear heating rate conditions or increasing sharply the 

temperature up to a selected value and maintaining it constant during the entire 

experiment (isothermal conditions). Combinations of linear heating and isothermal steps 

are also quite common. Nevertheless, in all these cases, the sample temperature is 

controlled according to the preset program while the mass gain or mass loss of the sample 

is monitored as a function of temperature and time. A much less conventional approach 

is using a signal related to the process for determining the temperature profile in a sample 

controlled thermal analysis (SCTA) fashion.10-15 This type of smart program is based on 

a feedback method that uses a signal related to the evolution of a process for controlling 

the sample temperature.12, 16-18 The most common SCTA method is constant rate thermal 

analysis (CRTA), in which the reaction rate of the process is maintained at a programed 

constant value all over the process. Advantages of CRTA for studying gas-solid reactions 

have been stressed in literature. 18-23 Thus, CRTA minimizes heat and mass transfer 

phenomena, improves the discrimination of the kinetic model followed by solid-state 

reactions as compared with conventional linear heating rate method, and provides better 

discrimination for overlapping processes.24-28  

In this work, a thermogravimetric instrument that works at high gas pressure has been 

designed and assembled. The instrument works under conventional rising temperature 

and Constant Rate Thermal Analysis (CRTA). The CRTA method has been implemented 

in the thermobalance by means of a feedback control system that uses the 

thermogravimetric (TG) integral signal for controlling the sample temperature. The 
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instrument performance has been tested with the oxidation of Ni under 8 bar of pure 

oxygen. 

 

2. Instrumental setup 

A microbalance (Gravimetric Sensor Type 202, Scientech, USA) equipped with an 

analogical output of TG signal was used for assembling the instrument, which is capable 

of measuring masses up to 35 g with a precision of 0.01 mg. Figure 1 shows the 

configuration of the microbalance and sample holder. For the measurements at high 

pressure, the microbalance was placed in a cylindrical aluminum housing sealed with a 

viton O-ring. An open KF-40 flange was used for the top of the microbalance housing to 

introduce the sample holder. An alumina rod (260 mm in length and 3 mm in diameter) 

was used as the sample holder and loaded on the microbalance. The sample crucible (16 

mm in inner diameter and 30 mm in depth) was placed on the top end of the sample 

holder. The sample holder was surrounded by an alumina tube (11 mm in inner diameter, 

2 mm in thickness, and 250 mm in length) for improving the stability of the TG signal. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. Microbalance covered by the cylindrical aluminum enclosure, with the sample 
holder attached and the aluminum crucible. 
 

 

Figure 2 shows a picture of the overall instrumental setup. The system becomes 

hermetically closed after attaching the reactor in the KF-flange, what permits to control 

the pressure and the flow rate of any inert or reactive gas through the sample. A wall 
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feedthrough inserted in the cylindrical aluminum enclosure connects electrically the 

microbalance to the control unit (Figure 2). 

The reactor is a cylindrical stainless steel chamber (Figure 2), that withstands the high 

pressure required to perform the experiments. Inside the reactor, a homemade furnace 

consisted of an electrical nickel-chrome resistance surrounding a quartz tube, is inserted. 

The resistance is fixed to the quartz tube by means of a ceramic cement. The furnace is 

thermally isolated by means of alumina fiber placed between the furnace and the metallic 

wall of the reactor to prevent the wall of the metallic reactor from reaching high 

temperatures; in fact, it remained below 80ºC during all the tests performed with the 

instrument. Moreover, this furnace arrangement allows a fast and precise control of the 

sample temperature, as required for a proper CRTA control.  

An electrical feedthrough in the stainless steel chamber connects the resistance to the 

control system. The temperature of the furnace is controlled by placing a thermocouple 

underneath the sample crucible, which also serves for measuring the temperature of the 

sample. The recirculation of the flowing gases through the system is achieved by two wall 

feedthroughs, inserted in the reactor chamber and the aluminum enclosure of the balance, 

which serve as gas inlet and gas outlet, respectively (Figure 2). The system is directly 

connected to a gas cylinder and the pressure is selected in the gas cylinder pressure 

regulator. The gas outlet is connected to a rotameter with an integrated needle valve for 

the adjustment of the flow through the reactor during the experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. High-pressure setup. 
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This design permits controlling the temperature and pressure under isothermal and linear 

heating rate conditions from room temperature up to 1000ºC, and working at pressures 

up to 15 bar. Moreover, a control of the temperature at a desired Constant Reaction Rate 

is attained by means of two Eurotherm programmers/controllers.29, 30 A diagram of the 

control system is shown in Figure 3. The temperature programmer measures the analog 

signal of the thermocouple and commands the temperature under isothermal or linear 

heating/cooling conditions. The thermogravimetric-signal controller measures and 

programs the analog signal of the mass from the microbalance.  

Both programmers are needed for working under CRTA conditions, since one 

programmer by its self is not able to control the temperature in such a way that the mass 

signal provided by the microbalance follows a preset linear trend as a function of time 

(i.e., a preset constant reaction rate). This is because the proportional integral differential 

(PDI) control used by the programmers needs a reversible control parameter (the mass in 

this case), whose values depend on the parameter that is controlled (the temperature in 

this case). This condition cannot be satisfied by an integral signal such as the mass, which 

is not always reversible. For instance, for a mass gain experiment the mass increase 

recorded at a certain temperature during the reaction cannot be reversed by decreasing 

the temperature. For this reason, the reaction rate is controlled by connecting the control 

relay of the thermogravimetric-signal controller to the digital input of the temperature 

programmer (Figure 3). Thus, a command in the digital input of the temperature 

programmer moves the temperature from a preset heating rate when the mass control 

relay is closed, to a preset cooling rate when the mass control relay is open, as described 

elsewhere.29, 30  

This control system allows increasing the temperature if the mass gain value is lower than 

the programmed mass gain at a time t, and decreasing the temperature if the mass gain 

value is higher than the programmed mass gain. In the case of an experiment where a 

mass decrease takes place, such as for example in a thermal decomposition of a solid, a 

reverse program should be used. 
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Figure 3. Scheme of the control system used to perform the experiments under constant 
rate thermal analysis. The temperature of the process is controlled using the input supplied 
by the microbalance. 
 
 

The mass calibration of the system was performed using a set of calibration masses, 

ranging from 1 mg to 30 g. Calcium oxalate decomposition reaction was used to calibrate 

the temperature of the high-pressure setup. The three mass loss stages of this standard 

served to define three points of calibration. Buoyancy effects were corrected by 

registering blank curves using alumina powder as a standard. 

 

 

3. Experimental 

Nickel powder was purchased from Sigma-Aldrich, St. Louis, MO, USA (product number 

266981-500G). The mass employed for the linear heating rate and CRTA experiments 

was about 52 mg. 

X-Ray diffractograms were registered in a PANanlytical X’Pert PRO diffractometer 

working at 45 kV and 40 mA. The instrument uses a CuKα radiation, an X'Celerator 

detector and a graphite diffracted beam monochromator 
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4. Results and discussion 

The performance of the high-pressure thermobalance was tested with the thermal 

oxidation of nickel under a high pressure of pure oxygen, which takes place according to 

the following reaction: 

 

𝑁𝑖 ൅  
1
2

𝑂ଶ   →   𝑁𝑖𝑂 

 

Two experiments were carried out, under 8 bar of oxygen with a flow of 100 cm3 min-1: 

conventional linear heating rate at 5 ºC min-1 and constant rate thermal analysis. Figure 4 

shows the evolution of the mass, the mass gain rate and temperature as a function of time 

for both tests.  

A precise control of the temperature was achieved in the system for the experiment 

performed at 5 ºC min-1 (Figure 4a), with the thermocouple placed near the sample 

crucible, as can be seen in the temperature-time profile. The mass increases from low 

temperatures, indicating that the oxidation starts from the beginning of the heating 

process up to 740 ºC, where the process finishes. The total mass% increase is in agreement 

with the stoichiometric value for the oxidation of Ni to NiO. Moreover, the mass%-time 

curve presents a sigmoidal shape, which is characteristic of experiments carried out under 

linear conventional rising temperature conditions. The reaction rate curve (dotted line) 

indicates that the mass gain rate is low up to 340 ºC, which corresponds to the first 60 

min of the test. From this temperature, a rapid mass gain, with a maximum reaction rate 

of 0.6 mg min-1 at 550 ºC, is recorded.  

Figure 4b presents the experiment performed under CRTA conditions. The reaction rate 

was set at 7.5 × 10-2 mg min-1, taking into account the mass increase corresponding to the 

full oxidation of nickel (~27.3%) and that the starting mass was 52 mg. The process rate 

was controlled employing heating and cooling rates of 5 ºC min-1. The temperature of the 

process was linearly increased by the system at 5 ºC min-1 from room temperature up to 

270 ºC. From this temperature, the control of the reaction rate started, which can be 

noticed first in a decrease of the heating rate. Thus, the system maintains constant the 

reaction rate by automatically controlling the temperature during the entire process, as 

can be seen in Figure 4b that shows how the mass gain% describes a linear increase with 

time while the d(mass%)/dt is maintained constant in the preselected value. It may be 
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seen that the reaction rate at the final part of the reaction is controlled by linearly 

increasing the temperature at the selected maximum heating rate (5 ºC min-1). 

It should be highlighted that the reaction rate has been precisely controlled during the 

entire experiment working at a constant pressure of 8 bar of oxygen, and up to a 

temperature of 700 ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Mass%, mass gain rate and temperature as a function of time for the thermal 
oxidation of nickel powder under 8 bar of oxygen. (a) Experiment performed at a heating 
rate of 5 ºC min-1. (b) Experiment carried out under CRTA conditions (7.5 × 10-2 mg min-

1). 
 
 

Figure 5 presents the corresponding XRD patterns of the samples after the linear heating 

rate experiment and the CRTA test. All the diffraction peaks can be indexed in the 

rhombohedral cell (space group R-3m) of NiO, confirming that the nickel sample was 

fully oxidized in both experiments. 
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Figure 5. XRD patterns collected after the oxidation treatments. (a) Experiment 
performed at a heating rate of 5 ºC min-1. (b) Experiment carried out under CRTA 
conditions (7.5 × 10-2 mg min-1). 
 

 

Figure 6 illustrates the higher resolution power of the CRTA experiment as compared to 

the conventional linear heating one. Thus, while the conventional experiment shows only 

a very broad mass gain-temperature profile where it is hard to discriminate different steps, 

the CRTA trace clearly show two processes. This is in agreement with previous studies 

that suggest that the oxidation of metallic nickel particles is a complex process dominated 

by the reaction on the surface and the inner oxide layer formation by diffusion of oxygen. 

However, the mechanisms of this latter process is still under debate 31-33  
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Figure 6.  Mass% as a function of temperature for the thermal oxidation of nickel powder 

under 8 bar of oxygen and under linear heating rate and CRTA conditions.  

 

 

4. Conclusions 

In this work, a high-pressure thermobalance has been designed and constructed. The 

thermobalance is composed of a microbalance and a cylindrical stainless steel reactor in 

which a homemade furnace is inserted. The microbalance is able to measure masses up 

to 35 g with a precision of 0.01 mg and is placed in a sealed cylindrical aluminum 

enclosure. The high-pressure sealing of this setup allows performing experiments under 

pressures up to 15 bar. The control of the temperature is achieved by using a commercial 

temperature programmer, for temperatures up to 1000 ºC. 

The system has been equipped for working under Constant Rate Thermal Analysis 

conditions (CRTA) conditions using the analog output of the mass signal of the 

microbalance as control signal. The instrument has a TG-signal programmer connected 

to the temperature programmer. The TG-programmer commands the temperature 

programmer in order to maintain constant the reaction rate in the preselected value. Thus, 

for an experiment in which mass gain is expected, the temperature is increased if the TG-

signal is lower than the programmed setpoint and decreased if the TG-signal is higher 

than the setpoint. In the case of a reaction where mass loss is expected the behavior will 

be the other way around.  
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The performance of the instrument has been tested by studying the thermal oxidation of 

nickel powder under 8 bar of oxygen pressure using a linear heating rate and a CRTA 

experiment. It has been demonstrated that precise measurement and control of the mass 

and temperature are attained in both experiments. Nevertheless, CRTA has shown better 

resolution power for overlapping processes and two stages could be clearly discriminated 

for the oxidation of nickel.  
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