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Abstract

A new calorimeter designed for simultaneous measurements of heats and isotherms of gas adsorption and desorption
systems is presented. It consists of a volumetric/manometric gas adsorption instrument, the adsorption vessel of which is
placed within a second vessel filled with inert gas. This gas acts as a sensor, as not only its temperature but also its pressure is
increased if heat is released from the adsorption vessel via the sensor gas to its thermostated surroundings. Indeed, the time
integral of the sensor gas pressure signal turned out to be strongly related to the total heat released from the adsorption vessel

A basic theoretical equation of the measurement procedure is given. Results of numerous calibration measurements are
presented. The question of what type and amount of sensor gas should be used to achieve high sensitivity of the instrument
is discussed.

Two examples of measurements of heats of adsorption and adsorption isotherms are given, namely adsogptan of N
alumina oxide (CRM-BAM-PM-104) at 77 K and G®@n zeolite Na13X and wessalite DAY both at 298 K.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction purification processes and many m@@e8]. As sorp-

tion processes normally are exothermal processes

Sorption processes of gases and vapors on theit is very important to know the heat of adsorption

surface of highly porous solids like zeolites or acti- (HoA) or the change in enthalpy of the sorptive gas
vated carbons have still a considerable potential for being transferred to the adsorbed state. These heats
a growing number of processes in separation tech- often are twice as large as the heats of condensation
nology, purification processes of technical gases and of a (subcritical) sorptive gas and normally range
air, and also for air conditioning systerfs-5]. This for physical, i.e. reversible sorption processes be-
is reflected not only in an increasing number of sci- tween 10 and 100kJ/mol. Heats of adsorption are
entific and technical papers, patents, and engineeringneeded to:

reports but also in a still growing world market for (a3 characterize the sorbent material energetically
plants for air separation, hydrogen and natural gas [9-11];

(b) provide basic data for development of new theories
> Comesponding author. Tekt49-271-740-4674; of adsorption equilibria and kinetics; and
fax: 1+49-271-740-2360. ' (c) design engineering adsorption and desorptlor? pro-
E-mail address: zimmermann@ift.maschinenbau.uni-siegen.de cesses like PSA, VSA, TSA, and combinations
(W. Zimmermann). thereof[1,12].
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As itis still not possible to calculate heats of adsorp-  Today there are several possibilities at hand to de-
tion from first principleq13], or even from a few ex-  termine heats of adsorption from experimental data.
perimental data and a phenomenological thdadj, Overviews of these are given [t18,19]. Fundamen-
it is still necessary to measure heats of adsorption, i.e. tals are presented [20]. The most important of these
to perform calorimetric adsorption experiments. The methods are:

main reasons causing this situation are: ) ) o
(A) Calculation of HoA from adsorption equilibria

(a) the energetic heterogeneity of most physico- data taken at different temperatures, i.e. adsorp-
chemical and engineering sorbent materials; and tion isotherms (Al), or adsorption isosteres (AIS)
(b) the interaction of simultaneously adsorbed mole- [9].
cules—so-called admolecules—which is becom- () Calorimetric measurements: these may be clas-
ing the more important, with the higher adsorbate sified as adiabatic or isothermal methods, static
load in the sorbent materigl5,16]. In technical or dynamic procedures, Tian-Calvet calorimeters,
sorbent materials, the situation is even more com- immersion calorimeters, etf18].

plex as these normally are kind of composite ma-

terials consisting on the sorbent material itselfand ~ Results of measurements by different methods and
a technical glue or cement providing mechanical calculations of HoA often deviate by 10% and more,
stability and several other properties needed in the sometimes by more than 100%. The reason for this
engineering adsorption procdd¥]. is that in procedure A, in which a modified equation
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Fig. 1. Schematic diagram of a sensor gas calorimeter. It basically consists of an adsorption vessel surrounded by a sensor gas jacke
acting as a gas thermometer (1) being connected to a second gas thermometer (2) by a difference pressure manometer (P3).
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of the Clausius—Clapeyron type is used, a differential ence manometer P3. Additionally, a reference vessel
coefficient has to be approximated by a difference also filled with the (same) sensor gas at presske
coefficient which unavoidingly will lead to numer- is placed in the thermostat and connected via capil-
ical uncertainties, especially if only few adsorption lary 2 to the manometer P3. Upon opening the valves
equilibria data are available. In procedure B, nor- V7 and V7A, the pressurgsc andprg of the sensor
mally calorimeters are used which were originally gases in the jacket vessel and the reference vessel are
designed for other purposes but not for investigation equalized, i.e. we havesg = prg. Thermal equilib-

of heterogeneous gas—solid systdig). rium at temperatur@™ in the system provided these

Following a basic idea of Langej21], a new pressures remain to be equal and constant even after
calorimeter has been designed allowing simultaneous closing valves V7 and V7A. Consequently, in thermal
measurements of heats and isotherms of gas adsorp-equilibrium there is a constant signal at the difference
tion and desorption systems. It may be called a sensormanometer P3.
gas calorimeter (SGC), as the heat flowing during a  However, if for any reason the temperature of the
gas adsorption process from the adsorption vessel tosensor gas in the jacket vessel is changed, so will be its
a thermostat has to pass a gas jacket surrounding thepressurgysc. Hence, the gas pressures on both sides
adsorption vessel. This gas acts as a sensor. Indeedpf the manometer P3 will be different. This pressure
due to the heat flux its temperature and hence its difference signalh\p = psg — prc can be displayed
pressure is changed. Actually, the (time-dependent) and/or monitored by a supporting data acquisition sys-
pressure signal can be correlated with the heat flux tem. As the sensor gas pressgrgs = pre + Ap is
and after integration over time gives a measure for directly related to the temperatufigg of the sensor
the total heat of adsorption released from the adsorp- gas via its thermal equation of state, it provides a di-
tion vessel to the thermostat. A schematic diagram of rect indication of any change of this temperature. Such
the instrument is given ifrig. 1. More information a change my be caused by heat flowing from (or to)
on the instrument and the measurement procedure isthe adsorption vessel to (or from) the thermostat fluid
given in Section 2of this paperSection 3is devoted via the sensor gas.
to the calibration problem of the instrument whereas  The instrument is complemented by a gas reservoir
in Section 4two examples of measurements of HOA and several solenoid valves for the dozing of the gases
are presented, namely nitrogerpjdn alumina oxide coming from the gas reservoirs in order to adjust the
(CRM-BAM-PM-104) at 77K, and carbon dioxide sorptive gas pressugeinside the adsorption vessel.
(CO2) on zeolite NaX13 and wessalite DAY both The capillary 3 connecting the adsorption vessel
taken at 298 K. Complementing information on the with valves and the sorptive gas reservoir outside the
SGC also may be found in the web on the homepage thermostat has to be chosen carefully: diameter and
of the authors. length should be such that the sorptive gas coming
from the reservoir assumes the temperature of the
thermostat (), but also evacuation of the adsorption
vessel, which for example is necessary for activation
processes of the sorbent material, does not take too
long or even becomes practically impossible.

Auxiliary equipment like vacuum system, thermo-
stat, a data acquisition system including a PC and
safety installations also have to be provided. Depend-
ing on the specific surface and the density of the
material used for examination an amount between 0.5
and 2 g has to be filled into the adsorption vessel.

At the beginning of an experiment, the sample
material is activated by simultaneous evacuation
and heating up of the adsorption vessel outside the

1 http://www.141.99.140.157/d/ifft3/index.htm thermostat. For activated carbon sorbent materials,

2. Experimental

In this section, a brief description of the instrument
followed by an outline of both the volumetric and the
calorimetric measurement is given.

The SGC basically consists of a classical volumet-
ric gas adsorption device complemented by two gas
thermometers (Fig. 1). The core of the instrument is
an adsorption vessel which is placed within a sec-
ond vessel, the sensor gas jacket. This jacket vessel
is filled with gas at pressurpsg acting as a sensor
via a capillary 1 connecting the vessel with a differ-
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temperatures about 100-18D are recommended. baseline, i.e. its initial value indicating thermal equi-
For zeolite sorbent materials, often activation temper- librium in the overall system.

atures about 400C and even higher may be needed.  After this, sorptive gas again can be added to the
Temperature gradients during heating up and cooling adsorption vessel, thus increasing the inside pressure
down of the sample as well as the time of activation p and starting a new adsorption process which finally
should be chosen carefully as they may have con- will lead to a new adsorption equilibrium at some
siderable impact on the properties of the activated higher pressure (p> p).

sorbent material. After this pre-treatment procedure
is completed, the whole instrument has to be evacu- . _ .
ated. Then sensor gas should be provided to the gasS: Calibration and reproducibility
thermometers 1 and 2. After this the instrument is

placed within the thermostat. When thermal equilib- fln tlhbls igctlonawi are gzlngéﬁ'tdlsc;lﬁs tgifproblem
rium is reached, valves 7 and 7A are closed. At this of calibration and of reproducibiiity ot the ditterence

moment, the reading of the difference pressure gaugepressure signals to be observed at the SGC during an

corresponding to equal pressures on both sides of thead_sorptlon experlme_nt. Eor this we have p_erformed
instruments membrane is a stable signal providing quite a number of calibration experiments using metal

the baseline of any pressure signal measurement anJ!lm resistors (10@2_, 250mW) placed in the adsorp—
hence also of any calorimetric measurement. tion vessel at ambient atmosphere. The Ohmian heat

After filling the gas reservoir with an appropriate Q being supplied to the system can be calculated as:

amount of sorptive gas, the adsorption process can Q = |Ut, (1)
be started by opening valve V5. The sorptive gas is
ﬂowing from the reservoir Via Capi”ary 3 into the Wherel iS the (Constant) eIeCtriC Curl’eitli,the e|ectl’iC
(evacuated) sorption vessel. During this process it is Voltage at the resistor, artdhe time interval during
important to make sure that the Ve|ocity of the gaS which the electric V0|tage is applled at the resistor.
flow is small enough to allow thermal equilibration In Fig. 2, three series of identical calibration exper-
of the gas temperature to thermostat temperaftire ~ iments are depicted showing the series of pressure
Otherwise, it would become difficult to set up a con- Signals recorded at the pressure difference manome-
cise energy balance of the adsorption process as theter P3 (Fig. 1). The sensor gas used was helium at
enthalpy of the incoming sorptive gas would not be p = 120kPa. Temperature of the thermostatoLN
known exactly. was 77 K. Each series of experiments consisted of 10
As soon as the sorptive gas reaches the sorbentbasic experiments during which electric energies:
mate_rial prepared inside the adsorptiqn yessel ad- E,=0,=021, n=1,...,10 )
sorption occurs and the heat of adsorption is released
to the sorptive gas and then transferred via the wall at a power of 80 mW were supplied to the resistor.
of the adsorption vessel to the sensor gas inside theAs can be seen ifrig. 2, each electric power signal
sensor gas vessel (Fig. 1). As the temperature of theis reflected in a pressure signal (p(t)) the height and
sensor gas is increased due to this heat transfer soarea below the—t curve of which are consecutively
is its pressurgpsg compared to the pressure in the increasing as are the total energies (Eq. (2)) of the
reference vessglrg. Hence, there is a pressure dif- signals. More important for us is the fact that the three
ferenceAp = psg— prg # 0 which is monitored and  groups ofp-t signals are nearly identical, i.e. heights
registered by the difference pressure manometer P3.of maxima and areas undp#t curves in correspond-
Additionally, pressures at manometers P1 and P2 alsoing signals deviate by less than 1%, thus indicating
are monitored allowing to determine the amount of acceptable reproducibility of calibration experiments.
gas adsorbed, i.e. to evaluate the adsorption isotherm. However, the pressure signals themselves cannot be
A numerical example for a pressure difference sig- easily related to the total heat released by the electric
nal recorded during an adsorption process is given in resistor. This is demonstratedfig. 3, showing power
Fig. 6. It shows an increase in its first part reaching inputs and corresponding pressure signals of two cal-
a maximum value after which it again approaches the ibration experiments performed at 77 K with ambient
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Fig. 2. Signals of the difference pressure manometer P3 of the $&C X), as observed during calibration experiments with Ohmian
resistances. Heat supplied, 0.2-2.0J; power, 80 mW; sorptive gad, He/7K; p = 0.1 MPa.
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Fig. 3. Signals of the difference pressure manometer P3 of S&¢ 1) for two calibration experiments. Ohmian heat supplied, 2J.
Electric power input: 10mwW (—); 100 mW (---).
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air at 0.1 MPa as “sorptive gas” in an adsorption ves-  In the other calibration experiment where Ohmian
sel made of glass. In both experiments, the same elec-heat was supplied at low power (10 mW) but during
tric energy (2J) but with different power, namely 10 a much longer time period, the pattern of convective
and 100 mW has been supplied to the electric resistor air flow inside the adsorption vessel presumably was
(dashed lines irFig. 3). Hence, the areas covered by basically different from the first one. We suppose the
the electric power signals iRig. 3 are the same for  convective flow of air was fairly slow, but spread outin
both experiments. Again helium at 120kPa and 77 K the whole of the adsorption vessel, thus changing the
was used as sensor gas. k-value for heat transfer from the vessel to the sensor
Obviously, the pressure difference signals corre- gas considerably. Also, the pattern of convective flows
sponding to the two calibration experiments differ in the sensor gas surrounding the adsorption chamber,
considerably from each other and so do the areas cov-which are initiated by the two calibration experiments,
ered by them above the base line, i.e. the time axis in may be different. According to rough estimations of
Fig. 3. This is indicating that the curves reflect differ- the respective Grasshoff numbers, we expect in the
ent mechanisms of heat transfer as they probably arefirst experiment (100 mW) convection in the sensor gas
caused by different convective flows initiated by the to occur whereas in the second experiment (10 mW)
release of the Ohmian heat from the electric resistor to it seems to be unlikely. This indicates, that the basi-
the air included in the adsorption chamber. In case of cally different pressure signal curveshig. 3 simply
the short time but high electric power (100 mW) heat reflect different heat transfer mechanisms in both the
release, the convective flow in the air may well be sorptive gas (air) in the adsorption chamber and the
restricted to a fairly narrow zone in the vicinity of the sensor gas (helium) in the gas thermometer 1 (Fig. 1).
resistor being turbulent and also accompanied by sub- Taking the different character of the calibration sig-
limation and again desublimation of small amounts of nals (Fig. 3) into account we expect a relation of
water being frozen at the inner walls of the adsorption type:
vessel. Also evaporation and re-condensation of lig- ~
uid oxygen at the bottom of the adsorption vessel may o — K(p) (p(H) — p*)dt, (3)
have an impact to the heat transfer process observed.
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Fig. 4. Time integral of difference pressure signd) {n kPa as function of the total energ®) in J of the Ohmian heat introduced into
the SGC. Electric power of calibration signals: 9.57 midl){ 93.8 mW @).
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to hold between the he@ireleased at constant power such a situation the values of thg€P) coefficients in
P from the electric resistor and the time integral of the Eq. (3) can assumed to be the same for the adsorp-
pressure signal (p(& p*). This is the case indeed as tion and the calibration experiment, i.e. the heat of
can be recognized frorRig. 4, showing fairly linear  adsorption to be proportional to the peak area of the
relations between the electric energy supplied to or pressure signal with th&(P)-value determined from
heat released from the resistor (Q < 2J) and the areaa corresponding calibration experiment. An example
below thep-t curves of the corresponding signals in for such a situation is shown iRig. 6 corresponding
kPa. The slope of the lines is increasing with decreas- to adsorption of nitrogen & = 77K, p = 250 Pa on
ing (constant) electric power as indicated in the figure. a reference material BAM-CRM-PM-104 developed
The steepness of the lines can be considered asby the Bundesanstalt fir Materialforschung (BAM)
“sensitivity” of the SGC as the “peak are&’below (Federal Institute of Materials Research), Berlin,
the p—t curves for given hed released is the larger, Germany.
the steeper the corresponding lingFiilg. 4is. This re- As can be recognized froffig. 6, the pressure sig-
lation for sake of clarity is sketched Fig. 5, showing nal caused by the heat of adsorption is similar to a
that the SGC is highly sensitive for heat signals re- signal produced by a calibration experiment providing
leased slowly, i.e. at low power but during along time, Ohmian heat of 2 J at a power of 100 mW. Hence, the
whereas for highly intensive bur short heat pulses the heat of adsorptiol®Q can be calculated fror&q. (3),
sensitivity is decreasing considerably. However, as can i.e. the relation:
be recognized fronfig. 5, the sensitivity of the SGC 0 fooo(p(t) —pM)dr

is approaching an asymptotic value of ca. 12 kPa/J for == , (4)
calibration signals of poweP > 80 mW. This corre- Qcali [y (peai(?) — p*)dt

sponds to fast adsorption processes occurring often atyielding the numerical valug = 2.3J. A more de-
low sorptive gas pressure (example giverFig. 6). tailed analysis of the relation between a certain amount

In view of relation 3, it is recommended to provide of heatQ released from the adsorption vessel and the
to any gas adsorption experiment also calibration ex- “peak area’A, i.e. the time integral of the pressure
periments showing fairly similap—t curves. Only in signal will be given in a forthcoming paper.
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Fig. 5. Sensitivity of a SGC defined as the slope of the calibration lin€sgin4 in kPa/J as function of the (constant) power in mW of the
Ohmian heat calibration signals introduced into the SGC. Gas in adsorption vessel, He; 77 K; 0.1 MPa. Sensor gas, He; 77K; 0.12 MPa.
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4. Examples and calorimetric measurements using a SGC. Two
examples are presented here.Hig. 7, differential
Several types of sorption systems already have beenheats of adsorption and desorption €& of nitrogen
analyzed in our laboratory by combined volumetric on BAM-CRM-PM-104 at 77 K for specific amounts
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Fig. 8. Adsorption and desorption isotherms of nitrogen on BAM-CRM-PM-104 at 77 K for pressures up to ambient.

adsorbed (n) up to 6 mmol/g corresponding to pres- Nal3X (UOP) (Si/Al>~ 1-1.5), and Wessalite DAY
sures up to ambient (0.1 MPa) are shown. The corre- at 298 K for pressures up to 1 MPa. Mean pore sizes
sponding Gibbs excess adsorption isotherms are givenare 0.3 nm for zeolite Nal13X and 0.4 nm for Wessalite
in Fig. 8. DAY, respectively.

Uncertainties of data shown iRig. 7 are about In Fig. 9, differential heats of adsorptiakh?dsare
5-10%. This unsatisfying situation can be improved depicted for specific amounts of GGadsorbed up
by using a sensor gas of low heat capacity such:as H to 4 mmol/g. Uncertainties of data again are about
or Ne at 77K and at an “optimized” pressure inside 5-10%. The differential heats of adsorptiah®dSde-
the gas thermometers 1 and Rig. 1). Experiments  crease with increasing amounts of £&dsorbed ap-
performed so far at different temperatures indicate that proaching values of about40 kJ/mol for Na13X and
the sensitivity of SGC (Fig. 5), decreases with increas- —30kJ/mol for DAY zeolite. These data are much
ing temperature but increases with increasing thermal lower than the bulk heat of condensation of £34&hich
conductivity of both the sorptive and the sensor gas. is about—5.2 kJ/mol. However, we could observe con-
Results will be reported in a forthcoming paper. vergence ofAh?%Sdata to this value at adsorbate loads

Contrary to the hysteresis shown in the adsorption of 4-5mmol CQ/g sorbent material. This decrease
isotherms (Fig. 8), no such a phenomenon could be (of absolute values) oAh?9s s very well known in
observed for the adsorption enthalpies. However, in the literature[23]. It reflects the occurrence of sec-
view of uncertainties of enthalpy data fig. 7, more ondary adsorption being characterized by new sites
measurements are needed to definitively answer thewithin the zeolite-cages having much weaker interac-
question of existence of an hysteresis in the heats of tion energies than the primary adsorption sites being
adsorption. filled in the range of 1-3.5mmol CQy sorbent. In

The isotherms shown iRig. 8are identical to those  Fig. 9 also data from the literaturi24] have been
resulting from interlaboratory tests guided by BAM added, referring to adsorption of G@n NA13X ze-
[23]. Numerical values of data presentedHigs. 7 olite at 304.4 K. Taken the different temperatures into
and 8are available from the authors as data files upon account to which our data and data frqg#] refer,
request. The second example to be presented refers tdhe coincidence between the two sets of data is rea-
the adsorption of subcritical carbon dioxide on zeolite sonably well within the range of mass of adsorbate
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