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A DuPont 950 TG has been modified to permit operation at up to 30 atm, 
IlOO”C, with corrosive atmospheres, and steam par-W pressures up to 20 atm. 

The major areas of instrument development included: 
weight and temperature measurement at high pressures in a dynamic flow 

system; 
modification of a TG to accept corrosive gas atmospheres containing high 

partial pressures of steam; 
desim of a pressure balanced ff ow system for safe introduction of corrosive gas 

atmospheres; 
design of a working steam generation system for Iow flows. 
Process studies iiiustrating the utiity of the high presure thermobaiance include 

the cyclic CO,-acceptor reaction for haX-calcined dolomite 

and the cyclic H2S absorption and regeneration reaction for halfcalcined dolomite 

[CaCO~+MgO]tHzS=[CaO+MgOJ+H,0iC02 

INXRODUCTION 

With the advent of the recent ener- crisis, new technologies are being developed 
to improve the utilization of our fossil fuel resources. The initial commercia!ization 
of these technoiogies will require huge sums of capital, most likely in the form of 
government supported financing, The costs of buiiding piiot plants of reasonabIe size 
are, however rapidly approaching the cost of demonstration plants themselves. We 
are also learning very quickly that the goals of process development binge more 
strongIy on questions of system operability than on any other fatiors, such as yields 
and throughput. Unfortunately, system operability can really only be demons+,rated 
on a scale approaching commercial size. The expense of pilot plant programs and their 
Iong lead times to implementation demand a viable and more realistic bench scale 
program to provide some early fundamentaI answers. There is therefore a growing 
demand for deveIopment of bench scaIe instruments capable of operating at con- 
ditions which more cioseiy simulate the particular processes. 
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The development of commercial thermobalances has traditionally been 

oriented toward the polymer industry, where questions of product stability, charac- 
t.er&tion and quabty are of prime importance. The demands made on such instru- 
ments are in general not too severe_ They are designed to operate in vacuum to 

atmospheric pressures, cryogenic temperatures to near 800°C using inert or mildly 
reactive gas atmospheres_ 

The need to develop an instrument capable of handling highly reactive and 

corrosive gas atmospheres at high pressures and temperatures arose from our efforts 
to study sulfur acceptor chemistries. In particuiar an experimental program was 
initiated to study the feasibility of using calcined dolomites for high temperature 
sulfur removal from fuel gases arising from the pressure gasification of coal The 

scope of the reseamh includes the quantitative kinetic evaluation of the absorption 
and regeneration reactions, as well as determining certain qualitative information on 
optimum process conditions for maintaining high solid reactivities after several 
cycles. In effect, the thermobalance was called on to do the job of a “micro” pilot 
plant, The thermobalance must be able to operate at high pressure, high temperature, 
and in gas environments containing corrosive suU%r species and sometimes high 

par&I pressmes of steam, 

These requirements were met by a DuPont 950 TG modified to permit operation 
at pressures up to 30 atm, temperatures to lIOO°C, corrosive gas atmospheres, and 
steam partial pmssures up to 20 atm_ Its development is described below. 

The development of high pressure thermobalances has been a continuing 

effort over the past two decades- Table I summarizes the chronology of these develop- 
ments as described in the open literature_ As yet, no high pressure thermobalances 
are avaiiable commercially. 

The earIier units, in general, did not have a dynamic fIow system for sweeping 

the reaction products away from the sampIe- The first high pressure thermobalance 

capable of process studies was described by McKewa#_ This unit and many sub- 
sequent units provided for the vertical suspension of the sample in a heated zone from 
an isolated balance housing which contained a transducer, quartz sprin_g, or torsion 

assembly. Reaction gas continuously flowed vertically over the sample while purge 
gas ffowed through the upper unheated zone to protect the balance assembly. 

Inanefforttoreducethesizeofthepressure assembly and to nkimixetheneed 
for custom built components, several investi_gators have developed high pressure 
apparatus based on the DuPont 950 TG8W1*x3~16_ Figure 1 shows a schematic of 

the apparat& as provided by DuPont, close coupling of the furnace and furnace 
tube to the balance housing is made possible by suspending the sample directly from 
the balance beam, The horizontaI orientation of the furnace tube and gas flows help 
-to reduce convection effkcts observed in apparatus having a vertieaI orientation_ 
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QUARTZ BEAM 

5lANDARo QUAl?R 6AUNCE HOU?3NG 
FURNACE TUBE 

SLOTS FOR BEAM 

zg. I. The JhPont 950 thcrmogcwimctric andyzcr. 

While the feasibility of pressurizing the DuPont TG was demonstrated by 
Brown et al.’ and WiIliams et al.so*ll, operation in dynamic atmospheres and at 
temperatures above 500°C had as yet not been established. Our instrument deveiop- 
ment objectives c&x? for further modification of the DuPont TG to permit operation 
at temperatures to IlOO”C, pressures to 30 atm and corrosive gas environments 
containing H,S, SO,, CO, and high partial pressures of steam. Other research groups 
have since folIowed our development and have constructed units having sin&r 
capabifiti~I2*13*16_ 

Modifkation of DuPont TG for atmospheric studies 
T3e TG, as provided by DuPont (Figure I) accepts the reaction gas through an 

opening in the balance housing which then passes over the sampie and exits at the 
rear of the quartz furnace tube. In this form the DuPont TG is not equipped to 
handIe corrosive -eases or steam since either would ruin the balance. The TG, was, 
accordingly, modified by Ruth as described in refs. 17 and 18. This required redesign 
of tie quartz furnace tube and a baffle to separate the balance and reaction zones. 
The purpose was two-fold: to keep corrosive reaction _9ases from the baIance 
mechanism, and to keep purge nitrogen away from the sampIe, so that the composition 
of gas in the reaction zone is not affected. 

Mod_iication of DuPont TG for high pressure studies 
Pressurization was achieved by enclosing the balance and furnace module inside 

a pressure vessel, as shown in Fig. 2. Designed for 450 psig, the pressure vessel 
measures approximately 3 ft, long and 10 in. in inside diameter. The unit consists of a 
horizontal pressure shell on raiIs to permit easy access to the TG and a fixed bulkhead 
through which aI1 instrument and flow connections are made. The TG itself rests on a 
ixam extending from the fixed end. Heat generated by the TG is removed by a cooling 
water jacket surrounding the pressure shell. An l/8 in. pancake cooling coil located 

on the face of the balance housing provides additional protection for the balance 
mechanism. 

In principle, the furnace tube as modified by Ruth should also be capable of 
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Fig. Z DuPont TG in high prcs~ure cartridge 

high pressure operation. However, serious problems were encountered when using 
this configuration in the high pressure unit 

During early shakedown runs of the unit, it was observed that a high pressure 
(30 psig) the characteristic calcination temperatures of dolomite in one atmosphere 
of CO2 appeared to be shifted to higher temperatures by 60 to 100°C. This shift 
could not be simply explained on any chemical basis. Errors in temperature measure- 
ment were therefore suspected, and this was subsequently confirmed by temperature 
calibrations of the instrument at high pressures using the melting point of aluminum 
(660°C) and siIver (966°C) as standards_ This calibration procedure required the 
construction of aluminum and silver sample pans having the same geometry as the 
platinum pans used in the experiments_ These pans were suspended from the balance 
beam by tungsten wires. During temperature programming a sharp weight loss 
would be registered at the melting point of these materials_ At atmospheric pressure 
this calibration procedure showed the sample thermocouple to be satisfactorily 
accurate to within 10°C However, at 300 psig the indicated mehing points were 
consistently 60 to 80°C higher than their true vahres. 

The source of these difficulties was quickly identified. In the DuPont TG the 
sample thermocouple is not in direct contact with the sample but is situated a few 
mihimeters above it (see Fig I) and consequently only “sees” the sample temper- 
ature_ The geometry of *he furnace is such that reaction gases entering the furnace 
tube never approach anything near the furnace wall temperature, The convection 
effects resulting from the “cold” ffowing gases can play havoc with temperature 
measurement, especially at high pressures, where convection cooiing becomes very 
effective_ The fact that the indicated sampIe temperature was consistently higher than 
the actual sample temperature at high pressures may reflect a more effective cooling 
of the sample pan in comparison to the sampIe thermocoupie, the difference owing to 
their very different geometries, 

The “cooling” effect was confirmed by simultaneous measurem en’s of the 
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furnace wall and sample thermocouple readings. At high pressures the sample 
thermocouple was 1oG to 180°C “cooler” than at atmospheric pressure. 

A remedy to the troubling convex%ion effects would be to remove the source of 
temperature inhomogeneities by preheating the incoming reaction gases to sample 
temperature_ This was simply achieved by packing the furnace tube ahead of the 
sample x&h I/S in_ vycor cylinders- This technique, however, met with only partial 
success. A convection cell was formed between the hot gas inside the heated zone and 
the cooIer gases down-stream of the heated zone. This resulted in unsta!2e temper- 
ahue readings_ 

Eventually, the configuration shown in Fig. 3 was adopted The open space 

containing the sampIe pan was reduced to O-5 in_ by completely filling the downstream 
sectionofthefarnacetubewitha ceramic block attached to the balance housing, With 
Mixtory &aces dosely surroundiug the sample from ali directions and with 

uniform gas acd snrfkce temperatures, both the sample and sample thermocouple 

we now abIe to “see” the same temperature_ This was confirmed by nniform readings 
of fixmace wall and satnple thermocouple temperatures and by satisfactory caIi- 
bration of the mdting point standards at all prcSures_ 

A routine procdure* based on the more accurate PerkirkEImer magnetic 
standa& has since been adopted for calibrating temperatnreslg~ This procedure is 
executed m time a difkrent set of gas compositions or pressure is planned. 
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CALIBIZA-TED -EMPERNURE 
% 

Fig_ 4. Temperature calibration of TCi using magnetic standards. 

Figure 4 shows the resuhs of a series of calibrations made at Iow and high pressures. 
A maximum difference between readings at Iow and high pressures of 2j°C occurs 
at about 500°C. This should be compared with a maximum difference cf 100°C 
obtained without the present modifications to the TG. In general, the indicated 
temperature was found to be accurate to within 15 “C, except for temperatures beyond 
SOO”C where indicated temperatures begin to Iag bchiud “true” temperatures. At 

1000°C the indicated temperature for low and high pressure alike Iags by 35°C. While 
the accuracy of the indicated temperature is something to be desired, with calibration 
the sample temperature can be reproducibly determined to within 5°C. 

The present modifications of the TG also solved another serious probIem which 
was encountered with the earlier configuration. When running with steam-eon+aining 

atmospheres at high pressure, significant condensation took place on the quartz 

baIance beam or in the narrow slot between the beam and the aluminum balance 
housing. This was not entirely unanticipated since mixiug of the cold purge gas with 
the steam-laden reaction gases must take place in the cooler regions of the furnace 
tube adjacent to the balance housing. Simply providing external heating to the 
exposed sections of the furnace tube did not alleviate the problem. Apparently, the 

formation of convection cells, which had earlier interfered with the measurement of 
temperature, was also responsible for mist formation and condensation. 

The ceramic block design was able to solve the condensation problem by 
preventing the formation of convection cells. Reaction gases leaving the sample area 
now mix with the purge -gas in a narrow passage in the hot ceramic block, which also 
houses the balance beam. A separate passage in the ceramic block houses the sample 
thermocouple; this passage is not shown in Fig. 3. The combined gas flow is then 
vented through the hot ceramic block by a narrow transverse passage which leads to 
a sidearm in the quartz furnace tube. With this configuration steam partial pressures 
up to 20 atm have thus far been-used without difiicnhy. 

The ceramic block also provides for effective separation of reaction and purge 
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gpxs On the basis of penetration tests a reaction gas fiow-rate of 100 ml min-’ was 
found suEcient to prevent purge gas penetration into the reaction zone at 300 psig. 
The peue.tration tests were carried out using oxygen as the purge gas, nitrogen as the 
reaction gas, and a finely divided copper powder sample maintained at 600°C as an 

oxygen detector_ 

Several failures of the balance movement, at first thought to be the result of 
intermittent Ii,!5 penetration, were soon more accurately traced to damage caused by 
overheating from the adjacent beaded heating elements surrounding the furnace tube_ 

An l/8 in. pancake cooling coil on the face of the aluminum balance housing has 

been installed and no breakdowns have since been experienced (see Fig. 3). 

F7om system for the pressure &ennobohnce 

The principIe difficuIty in deS;gning a high pressure dynamic flow system for the 

thezmobalance with corrosive gas atmospheres is the absolute necessity for main- 
taining stable flow of gases while providing continuous baIancing of pressure inside 
the thermobalance with its surrounding atmosphere_ Unsteady flows to the pressure 
thezmobalance can result in the inadvertent introduction of corrosive gases into the 

ba!ance housing. 

fig. 5. S&anaGc of complde set-up for hi& pressure tktUlObaIana_ 
. 

Figure 5 is a schematic of the flow system for the pressurized thermobalance. 
Met pressures of the various gases are controlled using standard cylinder regulators, 
Ku-fiow regulated rotameters are used for fiow measure ment and control of the 
hxiividual gases. System pressure is maintained by a Io-fiow back pressure regulator 
@and-loading, piston type) through which all gases are vented, . 

IllorciertoprWen tdarnagetothebackpressure reguMorthegasesarefYi.rst 

dried in a condenser at 0°C and then desulfurIzed in a-&c oxide bed. These pre- 
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cautions were reported’3 to be necessary in order to prevent sulfur deposition in the 

back pressure regulator when operating with H,S-laden gases. 
Balancing of pressures inside the TCi with its surrounding atmosphere is 

achieved by providing continuity of the bomb atmosphere with the exhaust gas line 

following the zinc oxide bed. 
A separate gas line carries purge nitrogen directly to the rear of the thermo- 

balance, thus insuring positive flow of purge gases at all times. During pressurization, 
however, purge nitrogen is first directed to the pressure vessel itself. This permits 
rapid pressurization to takeplacewithout adversely affecting the balance. This reservoir 

of nitrogen remains in the vessel throughout a run until depressurization. Rapid 
depwtion is achieved by throttling from the pressure balancing line di_rectly 
(see Pig. 5). 

The reaction gas flow system is designed with duplicate sets off& lines. This 

permits one reaction gas mixture to flow into the thermobalance while another gas 
mixtnre is either being prepared or awaiting the next phase of a reaction cycle. A 
system of three-way solonoid valves, situated close to the pressure vessel, in- 
stantaueously switches one reaction gas stream to the thermobalauce while diverting 
the other reaction gas stream to the condenser for venting, thns bypassing the 

thermobalance. This design also anticipates future needs for studying short residence 
time kinetics. 

Steam generation for the high pressure TG 
Three basic methods were considered for generating controhed amounts of 

steam: hydrogen-oxygen burner; gas saturator; and vaporizer using metered flow 
of liquid water. 

The first scheme has been used successfully by Pellzo and Ruth” in their 

researches at atmospheric pressure. It avoids the difficulties associated with vaporizing 

liquids and is easily calibrated. However, at high pressures this technique was 
considered risky due to expected high heat release concentrations and the fine degree 

of control needed for its ope_mtion. 
Saturation always involves a certain degree of uncertainty, especially for small 

gas flows. 
The last technique was finally adopted for its simplicity and safety. A high 

pressure LC single stroke pump was used to meter liquid water to a small packed bed 
vaporizer. The accuracy of the flow-rate of steam with this technique is better than 

3%. In all runs, approximately 95% of the steam fed was directly recovered in the 

condenser. 
Diflleulties with feeding high concentrations of steam at pressure were 

experienced with the above system. Condensation occurred inside the balance housing; 
no amount of purge ff ow or auxiliary heating of the ceramic block was able to prevent 

its occurrence. The source of the problem was identified to be the very nature of the 

vaporization process itself. Vaporization is not a steady-state process, but takes place 
explosively as each droplet is converted to vapor. The dynamics of the flow system 



for the high pressure thermobalance arc such that any p&es generated during 

vaporization could be propagated as far as the balance housing. Dynamic analysis of 
the systtm confirmed that unsteady-state penetration of steam into the balance was 
indeed possiiIe and also indicated the soIution_ PuIseless fIow of steam was IinalIy 

achieved by pIacing a surge voIume and an orifice in the steam Iine to the thermo- 

baIance_ 

_ 
contmuoutz~rrz nxemurmd z&h the h&h pressure TG 

The desigu modScations incorporated into the DuPont TG did change some 
of its operating characterisucs. For exampIe, at atmospheric pressure the baseline 
tight was found to continuously increase with temperature (-0.07 mg per 100°C) 
and total gas flow-rate (-0.0s mg per 100 ml at 25°C and -0-19 mg per 100 ml at 
925°C). These effhts, normally not observed with the origiuaI DuPont instrnment, 
are attriiutabIe to aerodynamic dxxg forces exerted by gases ffowing over the quartz 
baIance beam as they exit out of the ceramic biock (see Fig. 3)- 

On the other hand, weight changes observed in going to pressure are entirely 
attributable to buoyancy effects caused by basic design features of the DuPont 
baIanuz In particular, the smalI difference in voIumes of the baIance arms iu the 
DuPontTGwillresultinaIineardecrease in baseIine weight with increasing pressure, 
as showa in Fig 6. This linear dependency is also predicted by the reIation’ ‘: 

&=(v,-V&U, = (VI-VJ@ (1) 

where AR, = shift iu baseline weight with increasing pressure 

4 =changeingasdensitydnetoincreasingpressure A_P - 

V, v, = effective volume of right and Ieft baIance arms, respectively. 
A value for (V,- V,) of O-023 ml can be caIcuIated from the slope of the pIot in Fig. 6. 

+JO 
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Figure 7 shows an increase in baseline weight obtained at 3GO psig with in- 
increasing temperature. The sharp initial rise is attributed to the reduction in gas 
density in the hot reaction zone, while the slower linear rise at the higher temperaties 
simply reflects the aerodynamic e&c& discussed earlier_ Employing the same 

principles used in developing eqn (I), we obtain the relation’ ‘: 

where AR, = shift in baseline weight at pressure with increasing temperature 

yh = effective volume of Ieft balance arm in hot zone 

APS = change in gas density in hot zone due to increasing temperature 

7-L TrS = ambient and hot zone temperatures, respectively_ 
The above equation predicts a linear relationship for the shift in baseline weight 

with the inverse absolute temperature in the hot zone; i.e., the sample temperature. 
After correction for aerodynamic efkcts (0.07 mg per loO°C), Fig. 7 v~as accordingly 

replotted in Fig. 8, from which a value of V, of 0.0412 ml was calculated from the slope. 

BUOY4NCY 
EFFECT 

P&L, 
w 

Fig. 8. Buoyancy corrcktion for effist of increasing temperature at 300 psig on basdine weight 

The above discussions serve to illustrate that not only are these shifts in baseline 
weights explainable but they are also easily amenabIe to calibration. These calibrations, 
have, in fact, been usexi by many investigators to correct TG temperature scans in 

order to extract the “true” scan~*~~~_ There is even one report of a high pressure 
instrument with built-in circuits for automatic compensation af buoyancy eff’ts7_ 

When operating in the isothermal mode, the above calibration proaxlure 

becomes unnecxxzuy since all caIcuIations will then be made relative to the apparent 

starting weight just prior to the run. However, a buoyancy correction to the apparent 
weight change for a sampIe undergoing reaction is still required in order to relate it 
to a “txue” weight change. This correction factor is given by the relation: 

Aw= 
L 1 
h+l Aw’ (3) 
P 

whemzAw', Au,= apparent and real weight change at isothermal conditions 

PL =gasdensity 

PP = mean particle density of starting and final solid, 
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In most eases the above correction is usually very small and can be negIected. 
For half-calcined dolomite at 300 psig and 800°C this correction corresponds to only 

0.3% of the sampk weight 
- 

A preliminary series of experiments with the high pressure TG was carried out 

Iooking at the cyclic CO,-acceptor reactions for haIf-ca.Icined dolomite [CaCO,i 

M,gol- 

[CaCo,+MgO] + [CaOi-MgO]tCOr 0 

[CaO+MgO]+CO, + [caco,tMgO] 0 

These reactions form the basis for Cons01 CoaI’s CO,-Acceptor Process for 
gasifying Iignitezl and pIay a very important role in the GeseIIschaft flur Kohlen- 

technik Co-shift procx&=- 
Euzpt for information provided by :Zonsol Coal2’*23 and the GeseIlschaf? fiir 

KohIentechnik22, there is very little information in the open Iiterature on the cycla- 
bihty of this material under various calcinin, * and regeneration conditions_ A 

prehminary study was, therefore, undertaken to investigate the effects of various 
process parameters on the @ability of calcined doIomite. In particular, the para- 
meters surveyed includes caIcination and regeneration temperatures, total pressure 
and the partial pmssnrcs of carbon dioxide and steam during calcination and 

regeneration_ 
In aII the cychng experiments, calcination was carried out non-isothermahy 

(2WC lnin -‘) to the cakination temperature corresponding to the CO, partial 
pressure seIected_ This ins then .foIIowed by an additional 10 rnin holding period in 
nitrogen at the maximum temperature to afhxt complete calcination. The solid was 
then cooIed in nitrogen to the selected regeneration temperature_ Regeneration was 
car&d out isotherrnahy until the reaction ceased to show further activity- 

50 
4-m 3GcFs~ ZZR 

dO- 
GSO-c 

PERCENT ao - 
coNYERSION 
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Figure 9 shows the resuIts for caIcination/regeneration cycles carried out at 
300 psig with 4 atm of carbon dioxide. The temperature for regeneration was 650X, 
and the maximum temperature reached during calcination was 1030°C. The observed 
decline in reactivity with cycling confirms the findings obtained by Consol Coal in 
their bench Scale studies21-u_ 

After completion of the preliminary CO,-acceptor studies, we took to task the 
investigation of Afur acceptor chemistries. The process concept of the cyclic use of 
caIcined dolomite for desulfurizing fuels undergoing gasification was first proposedzd 
in 1966. HaIf-calcined dolomite absorbs hydrogen sulfide by the reaction: 

[CaC0,+MgO]+H2S=[CaS+MgO]+H,0+C0, WI 

Regeneration of the soIid adsorbent is by the reverse reaction, preferably conducted 
at the lowest temperature and highest pressure possible in order to obtain the highest 
possible concentration of hydrogen sulfide in the offgas, faciiitating conversion of 
this species to elemental sulfur in a subsequent operation. 

Preliminary bench Scale studies indeed confirmed the feasibility of the above 
process’q SubsequentIy, kinetic studies were carried out in our laboratories at 
atmospheric pressure using an A&worth thermobaIance20~‘5V26 and a DuPont TG 
as modified by R~th’~~‘~. These investigations outlined the kinetics for the reaction 
of both fuhy calcined and half4cined dolomite with HIS. In addition, sulfur 
absorption and regeneration cycks weret made at atmospheric pressure and 750°C. 
Although the absorption was rapid, the regeneration reaction was slow, requiring 
more than 1 h. There was a decline in capacity of the solid to about 23% of the total 
calcium after about 6 cycles_ 

In going to higher pressmes both the kinetics and thermodynamics become 
much more favorabIe so that some improvement in the performance of these reactions 
is anticipated. Figure 10 gives resuhs from 30 cycles at 750°C and 300 psig obtained 
in our high pressure TG The capacity at high pressure settled out at about 45%, in 

Fig. 10. Cyclic-suIfidation of haifkakincd GrccnfieId dolomite at 750-C azd 300 psig. 
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contrast to the 23% obtained at atmospheric pressure after 6 cycles. The regeneration 
caction at-300 psig is extremeiy f&t, running its course in only about I min. 

Several exploratory runs were also made to determine the effect of desulfuri- 

zation and rcgeneraSon tempxatures and the efkct of H20/co, ratio in the 
rezgcneration gas on the cyclability of haScakined dolomite. It may be noted that we 
bave succeeded in a run of 15 cycks with a steam partial pressure in the vicinity of 

I8 aim_ We are not aware of any DuPont set-up capable of such high partial presswes 
of- 

other asearch groups including Consol Coal=‘, Air Products, U.S. Steel, 
we&.inghouse * 2=1 3 and Huerty of France have followed our Iead and have studied the 
cydic use of haZcal&ed dolomite for removing hydrogen sulfide from fuel gases, 
T&e Westinghouse effort employs a DuPont TG modifkd along similar Jines to ours_ 
T&y have thus far reported resuits for cycIing at IO atm and up to 20% Hz0 in the 
regentration gas. 

ThisworkwasfimdedbyResearc h Grant No_ AP-Ml945 from the Office of 
Air Programs of the Environmental Protection Agency and is currently being 
supported by a grant fkom the Empire State Ekctric Energy R esearch Corporation. 
We wish to acknowiedge the invahxable support provided by our shop personnel in 
helping to make this instrument development posiiIe_ 
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