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Perfusion microcalorimetry is frequently applied to expose pharmaceutical solids to specific relative
vapour pressures (RVP) of organic liquids or water. The aim was to set up a general procedure to check
the performance of a vapour pressure control device used to create a specific RVP. This was achieved by
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identifying and checking the significant factors in the creation of the RVP inside the reaction vessel. The
flow switch valve was tested by volume flow measurements whereas the saturation of the wet line was
verified in a calorimetric experiment employing methanol as model solvent. The results of the measure-
ments were used to calculate the RVP inside the reaction vessel. The method developed is suitable to test
the vapour pressure control device. It can be applied for any solvent.
erfusion
apour sorption

. Introduction

In pharmaceutical sciences, the interaction of pharmaceutical
olids with both water vapour and organic vapours plays an impor-
ant role. Vapours may affect the physical and chemical properties
f both active ingredients and excipients [1]. Additionally, the inter-
ction with vapours is used as an analytical tool to determine low
mounts of amorphous material in a crystalline substance or to
nvestigate powder surface properties, for example [2,3]. A possibil-
ty to monitor the interaction is isothermal microcalorimetry (IMC).
MC measures the heat flow as a function of time. As the interac-
ion of sample and vapours itself as well as each process which

ay result from the interaction absorbs or produces heat, IMC is a
uitable method to record the heat flow of the interaction and of
ossible following reactions.

There are two ways of exposing the sample to a specific rela-
ive vapour pressure (RVP) while measuring thermal activity. One
ossibility is to place a small glass tube inside the sample vessel
4]. The tube is filled either with a saturated aqueous salt solution
5–7] or with organic solvents or mixtures of solvents [8,9] in order

o create a certain RVP of water or organic solvent inside the sam-
le ampoule. The “miniature humidity chamber” method has been
sed to assess low amounts of amorphous content in crystalline
owders as well as to study the process of crystallisation of vari-
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ous amorphous substances [10–12]. It is a simple and inexpensive
technique but has several disadvantages. For example, a controlled
change of RVP within an experiment is not possible.

The alternative way of exposing the sample to a specific RVP is
the use of a perfusion system [13]. In a special perfusion ampoule,
a carrier gas with a predefined RVP flows over the sample. The RVP
can be altered stepwise or continuously during the experiment. The
vapour pressure control device is mainly used to control relative
humidity (RH). RH perfusion microcalorimetry has a wide range of
applications including the assessment of powder surface energies,
the formation of hydrates, the onset of deliquescence and the study
of amorphous material [2,14–17].

The design of the perfusion system also allows the control
of the RVP of organic solvents [18]. In several cases, amorphous
hydrophobic powders do not crystallise in the presence of water
vapour at experimental temperature, however, they may crystallise
in the presence of a specific RVP of an organic solvent [19]. Con-
sequently, perfusion microcalorimetry enables the quantification
of low amounts of amorphous material in hydrophobic substances
[20]. Furthermore, polymorphic substances that undergo phase
transformation in the presence of organic vapours can be charac-
terised.

In order to reliably perform perfusion calorimetry, it is important
to verify the performance of the vapour pressure control device. If

the perfusion system is used to create a specific RH, the genera-
tion of the predefined RH inside the sample vessel can be checked
with the help of saturated aqueous salt solutions [21]. Saturated salt
solutions maintain a constant RH at a certain temperature. Placing a
saturated salt solution inside the sample vessel of the RH perfusion

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:julia.baronsky@gmx.net
dx.doi.org/10.1016/j.tca.2009.04.001
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mpoule, the heat flow will become zero if the RH of the gas flowing
ver the solution corresponds to the RH of the salt solution.

To our knowledge, a comparable method to ascertain the RVP
f organic solvents has not been reported yet. The aim of this work
s to develop a general procedure to determine the RVP inside the
eaction vessel of the RH perfusion ampoule (RVPin). To do so, the
ssential steps in the generation of the RVP have to be identified. The
apour pressure control device creates the designated RVP by mix-
ng dry carrier gas with gas saturated with vapours of the respective
olvent. The flow rates of the two gas lines are either controlled by
wo mass flow controllers [22], two peristaltic pumps [23] or by a
ow switch valve. Consequently, the regulation of the two flow rates

s one significant element in the generation of the RVP. In addition,
he saturation of one of the gas lines with vapours of the organic
olvent used plays an important role.

In this work, these two fundamental points are checked as a
eneral approach to assess the RVP created by the vapour pressure
ontrol device.

. Experimental

.1. Materials

Methanol for analysis was obtained from Merck, Darmstadt, Ger-
any. Purity was 99.9% or higher.

.2. Isothermal microcalorimetry

The vapour pressure control device tested is designed for the
277 Thermal Activity Monitor (formerly Thermometric AB, Jär-
älla, Sweden, now TA Instruments, New Castle, USA). It consists of
he 2250-010 RH Perfusion Ampoule (TA Instruments, New Castle,
SA) combined with a flow control system. The flow control sys-

em is composed of a mass flow controller (Bronkhorst High-Tech,
K Ruurlo, Netherlands), a flow switch valve (TA Instruments, New
astle, USA) and the 2281 Flow Switch Module (TA Instruments,
ew Castle, USA).

The mass flow controller adjusts the flow of dry nitrogen being
elivered to the flow switch valve. The flow rate was set to 50 ml/h
0 ◦C, 1.01325 bar). The actual flow of nitrogen measured using a
oap film meter (see Section 2.3) was 52.7 ± 0.27 ml/h (standard
eviation, n = 3) (0 ◦C, 1.01325 bar). The nitrogen flow is divided into
wo lines by the flow switch valve (Fig. 1). One line leads directly
o the reaction vessel (dry line). The other line passes two solvent
eservoirs in order to be saturated with solvent vapours before
ntering the reaction vessel (wet line). The RVP inside the reac-
ion vessel is created by the ratio of the time interval the dry line is
pen (0% RVP) to the time period the wet line is open (100% RVP).
y predefining a specific RVP (RVPset) in the Digitam® software (TA

nstruments, New Castle, USA) used for operating TAM, the ratio of
he switching times in a switching cycle is set. The switching cycle
ime is the time period within the valve switches once. It was set to
0 s. The heater placed close to the flow switch valve was set 20 ◦C
bove the temperature of TAM.

The calorimetric experiment to check the saturation of the
et line was performed at 25 ◦C. An empty, closed stainless steel

mpoule was taken as reference ampoule. 0.5 ml methanol was
lled in each solvent reservoir of the RH perfusion ampoule. 0.8 ml
ethanol was directly inserted into the reaction vessel. The perfu-

ion unit was placed into the measuring position of the TAM after a

hermal equilibration period of 20 min in the different equilibration
ositions. Heat flow measurement was started. The RVP was first
et to 80% for 2 h. Then, RVPset was increased in 5% steps up to 95%.
00% RVPset was not used in the experiment in order to avoid possi-
le condensation. Time delay of each step was 2 h. The calorimetric
Fig. 1. Schematic drawing of the RH perfusion ampoule and the flow switch valve.

experiment was performed three times. Additionally, the baseline
heat flow of the empty reaction vessel was determined at the dif-
ferent RVPset values. Prior to the start of the measurements, the
calorimeter was calibrated using a static calibration. The calibra-
tion heat flow generated by the internal calibration heater resistors
was 3000 �W. The calibration was performed having the perfusion
ampoule inside the measuring position and the reference ampoule
inside the reference position. During calibration, the solvent reser-
voirs and the reaction vessel of the perfusion ampoule were empty
and the gas flow was turned off.

2.3. Volume flow measurements

The volume flow rates of the wet line and the dry line were
measured in order to verify the accuracy of the operation of the
flow switch valve. Measurements were performed using a 10 ml
soap film flow meter (Agilent Technologies, Santa Clara, USA). The
flow meter is a glass tube scaled in 0.05 ml units. After having wet-
ted the inside of the meter with a soap solution, gas is passed
through. The formed soap film being pushed up by the incoming
gas enables the measurement of the increase in volume in a certain
time period.

In order to carry out the volume flow measurements, the RH
perfusion ampoule was placed outside the microcalorimeter. The
solvent reservoirs were emptied and the heater was turned off. The
reaction vessel was removed giving the possibility of connecting
either the dry line or the wet line to the soap film flow meter. For
each RVP tested, a new calorimetric experiment was started in the
Digitam® software. The flow rate of nitrogen applied was the same
as described in Section 2.2. The RVPset values tested were 0, 20, 40,
60, 80, 85, 90, 95 and 100%. For each RVP, the volume leaving the

wet and the dry line, respectively, within a period of 10 min was
measured. Each measurement was repeated twice. At the begin-
ning of each measurement, ambient temperature and pressure were
recorded.
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Table 1
Volume flow rates of the wet and the dry line and the RVPvalve values calculated from
the volume flow rates at different RVPset values.

RVPset (%) fdry
a (ml/h) fwet

a (ml/h) RVPvalve
b (%)

0 52.9 ± 0.72 – 0
20 42.4 ± 0.16 10.9 ± 0.10 20.4 ± 0.06
40 32.0 ± 0.24 21.1 ± 0.20 39.8 ± 0.18
60 21.6 ± 0.17 31.7 ± 0.18 59.4 ± 0.12
80 11.2 ± 0.02 42.0 ± 0.21 78.9 ± 0.05
85 8.4 ± 0.02 44.7 ± 0.12 84.2 ± 0.03
90 6.1 ± 0.09 47.0 ± 0.21 88.6 ± 0.06
95 3.4 ± 0.03 49.7 ± 0.22 93.6 ± 0.01

100 – 52.2 ± 0.42 100

a Volume flow rate at 0 ◦C, 1.01325 bar. Mean value out of three identical measure-
ments (n = 3) ± standard deviation.

b RVP = ratio of f to the sum of the flow rates coming out of the wet line and
t
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100% RVPvalve would be zero (intersection with the x-axis) as no
evaporation of methanol would occur. Extrapolation of the fitted
line however gives an endothermic heat flow of −260 �W at 100%
RVPvalve revealing that the RVP of methanol of the gas leaving the
valve wet

he dry line at RVPset (fwet + fdry), multiplied by 100%. For each RVPvalve (except 0 and
00%), the standard error according to the Gaussian error propagation is given.

. Results

.1. Testing of the flow switch valve

Throughout the measurements, the temperature ranged from
1.7 to 22.0 ◦C. Atmospheric pressure varied between 1.006 and
.016 bar. Because of these fluctuations, the measured flow rates
ere normalised to standard conditions (0 ◦C and 1.01325 bar).

he converted flow rates are listed in Table 1 (mean value
n = 3) ± standard deviation).

The mean values of the flow rates of the dry and wet line, fdry and
wet, were used to calculate RVPvalve as a term providing information
bout the accuracy of the valve:

VPvalve = fwet

fwet + fdry
× 100% (1)

VPvalve is the ratio of fwet to the sum of the flow rates coming out of
he wet and the dry line, multiplied by 100%. It represents the frac-
ion of the gas directed to the wet line. If the valve works accurately,
he fraction of the gas passing through the wet line equals the value
f RVPset. Consequently, RVPvalve describes the actual RVP provided
y the flow switch valve. The RVPvalve values for the different RVPset

alues tested are displayed in Table 1. The table shows that the abso-
ute deviation of RVPvalve from RVPset is low within the whole RVP
ange. The highest absolute deviation is found at 90 and 95% RVPset

eing 1.4%. However, taking RVPvalve ± twice the standard error as
he 95% confidence interval, RVPset is outside the confidence inter-
al at each RVPset tested except 40% RVPset. Thus, the differences
etween RVPvalve and RVPset are statistically significant at the 5%

evel (except at 40% RVPset).
With rising RVPset value, RVPvalve falls compared to RVPset. At

0% RVPset, RVPvalve is 20.4% ± 0.06% whereas at 95% RVPset, RVPvalve
s 93.6% ± 0.01%. In order to investigate this phenomenon, the ratio
f the actual flow rate of the wet line, respectively the dry line, to the
et value (multiplied by 100%), was plotted against RVPset (Fig. 2).
he set value for the wet or dry flow at a certain RVPset was calcu-
ated by multiplying the sum of the flow rates coming out of the wet
nd the dry line at RVPset with either RVPset/100% to obtain the set
alue for the wet flow or with (1 − RVPset/100%) to have the nomi-
al value for the dry flow. Fig. 2 shows that for the dry line, the ratio

f the measured flow rate to the set value increases considerably
t high RVPset values having a value of 128.4 ± 0.02% at 95% RVPset.
he ratio for the wet flow, however, is above 100% at 20% RVPset

ecreasing to a value slightly below 100% at higher RVPset values
differences are significant at the 5% level). Consequently, RVPvalve
alls compared to RVPset with increasing RVPset value (Table 1).
Fig. 2. Ratio of the actual flow rate of the wet line, respectively the dry line, to the
set value (multiplied by 100%), plotted against RVPset. The error bars given for each
ratio were calculated according to the Gaussian error propagation. They are partly
hidden behind the symbols used.

3.2. Verification of the saturation of the wet line

Methanol was chosen as model solvent as it is compatible
with the materials of the perfusion unit. Inside the RH perfusion
ampoule, methanol was exposed to increasing values of RVPset.
Fig. 3 shows the heat flow curve of the first of three identically per-
formed experiments. An endothermic heat flow is observed that
decreases from −1144 �W at 80% RVPset to −551 �W at 95% RVPset.
The endothermic heat flow is caused by evaporation of methanol.
As gaseous methanol was continuously removed by the flowing gas,
saturation of the gas phase was not achieved. A constant evapora-
tion rate is reached at each RVPset resulting in steady state heat
flows (Fig. 3). The steady state heat flow values are inversely pro-
portional to RVPset, as the evaporation rate increases the lower the
activity of methanol in the gaseous phase.

The steady state heat flow values were corrected by subtract-
ing the baseline heat flow of the empty reaction vessel and then
plotted not against RVPset, but against the corresponding RVPvalve
values gained from the volume flow measurements (Fig. 4). The plot
shows that the endothermic heat flow measured is linearly related
to RVPvalve. The data are fitted to a line. Extrapolation of the line
yields the heat flow at 100% RVPvalve at which only the wet line is
open. In case the gas stream entering the reaction vessel via the
wet line was saturated with methanol vapours, the heat flow at
Fig. 3. Heat flow curve obtained from the first of the three identically performed
experiments. Methanol was exposed to RVPset values of methanol of 80–95%
(T = 25 ◦C).
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Table 2
RVPin of methanol at 25 ◦C and 1.01325 bar using Eq. (2) (theoretical RVPin) and Eq.
(3) (actual RVPin), respectively.

RVPset (%) Theoretical RVPin (%) Actual RVPin
a (%)

20 23.1 21.7 ± 0.23
40 44.4 40.9 ± 0.24
60 64.3 59.0 ± 0.18
80 82.8 75.9 ± 0.09
85 87.2 80.4 ± 0.06
90 91.5 84.0 ± 0.08
ig. 4. Steady state heat flow values gained from the first calorimetric experiment
lotted against RVPvalve. The data are fitted to a line that intersects the x-axis above
00% RVPvalve. The offset of the intersection from 100% is given (6.4%).

et line is below 100% (Fig. 4). The line intersects the x-axis at a
alue above 100%, in this case at 106.4%. The offset of the intersec-
ion (106.4 − 100% = 6.4%) corresponds to the amount by which the
VP of methanol of the wet line deviates from 100%. Consequently,
he result of the first measurement is that the RVP of methanol of
he gas leaving the wet line is 93.6%. The mean value out of three
xperiments is 93.1% ± 0.26% (standard error).

.3. Combination of results to obtain the RVP inside the vessel
RVPin) as a function of RVPset

In case of an accurately performing vapour pressure control
evice, the RVP of solvent inside the reaction vessel, RVPin, is slightly
igher than the RVPset value defined in the software (except for 0
nd 100% RVPset). The RVPset value sets the ratio of the volume flows
eing delivered to the dry and wet line. However, as the volume flow
f the gas entering the wet line increases due to the uptake of sol-
ent molecules, a slightly different ratio of the volume flows of the
ry and wet line is created inside the reaction vessel. Consequently,
VPin being determined by the ratio of the volume flows inside the
essel differs from RVPset. For an accurately working perfusion sys-
em, the RVPin at a given RVPset is calculated using the following
quation [24]:

VPin = 1
1 − (PSolv,sat/Ptot)(1 − (RVPset/100%))

RVPset (2)

here PSolv,sat is the saturation vapour pressure of solvent at exper-
mental temperature and Ptot is the total pressure in the system
equal to the atmospheric pressure). In order to obtain the actual
VPin generated by the tested vapour pressure control device, Eq.
2) is modified using the results of the volume flow measurements
nd the calorimetric experiments. The resulting equation is:

RVPin = 0.931
1 − (PMeOH,sat0.931/Ptot)(1 − (RVPvalve/100%))

RVPvalve

(3)

n Eq. (3), RVPset is replaced by RVPvalve since RVPvalve describes
he actual RVP set by the flow switch valve at a predefined value.
dditionally, the factor 0.931 is used to account for the actual RVP
f methanol of the wet line.

Using Eq. (3) the RVPin of methanol generated by the tested
evice at 25 ◦C and 1.01325 bar was calculated for different val-
es of RVPset. The obtained RVPin values are compared with the

orresponding values of an accurately working perfusion system
theoretical RVPin) (Table 2). Table 2 shows that the actual RVPin
s below the theoretical RVPin within the whole RVP range. The
bsolute deviation from the theoretical RVPin increases with rising
VPset. The highest absolute deviation is 7.8% at 95% RVPset whereas
he highest relative deviation is found at 60% RVPset being 9.2%.
95 95.8 88.0 ± 0.03
100 100.0 93.1 ± 0.26

a The errors given for the actual values of RVPin at 20% to 95% RVPset were assessed
using the Gaussian error propagation.

4. Discussion

The accuracy of the flow switch valve was verified at various
RVPset values to cover the whole range of RVPset. Special focus was
laid on the performance of the valve at high RVPset values as over
the years it may happen that the valve having to actively open the
wet line fails to fully open the wet line resulting in a back pressure
of nitrogen (personal communication with TA Instruments, New
Castle, USA). When the valve closes the wet line to open the dry line,
the accumulated nitrogen passes through the dry line increasing
the volume flow of the dry line above set value. At the same time,
the actual wet line flow is below set value. The valve tested seems
to show this effect since at higher RVPset values, the ratio of the
measured dry line flow to the set value was above 100% whereas
the ratio for the wet line flow was below 100% leading to an RVPvalve
value below RVPset (Fig. 2). The exponential increase of the ratio for
the dry line is explained by the fact that the set value for the dry line
flow decreases with rising RVPset. With decreasing set value for the
dry line flow, the impact of the additional nitrogen passing through
rises.

In case of an incomplete but precise opening of the wet line,
the ratio of the wet flow to the nominal value of fwet should have
a value below 100% at all RVPset. However, Fig. 2 displays that the
ratio exceeds 100% at 20% RVPset decreasing to a value below 100%
at higher RVPset values. A possible explanation might be that the
valve opens the wet line longer than required. The extension of the
opening time of the wet line by a certain time period (constant
at different RVPset values) superimposes the incomplete opening
of the wet line. At 20% RVPset, the elongation of the opening time
outweighs the incomplete opening of the wet line leading to a wet
flow above set value and a dry flow below set value (Fig. 2). With
increasing RVPset, the effect of the prolongation of the opening time
diminishes whereas the impact of the incomplete opening of the
wet line rises.

Concluding one can say that the volume flow measurements
provide information about the performance of the flow switch
valve. RVPvalve calculated from the measured flow rates deviates
from RVPset at each RVPset value tested except 40% RVPset indicating
a changed performance of the valve. However, as the absolute devi-
ations found are low (maximum difference between RVPvalve and
RVPset is 1.4% present at 90 and 95% RVPset), the question regarding
the acceptable accuracy of the valve arises. Since the main focus is
to know RVPin and as RVPvalve is only one factor in the creation of
RVPin, the acceptable accuracy of the valve depends on the accept-
able accuracy of RVPin which will be discussed below.

It has to be noted that the solvent reservoirs have to be empty
during the volume flow measurements. Otherwise, the volume flow

coming out of the wet line would not correspond to the volume
flow set by the valve but would be increased due to the uptake of
solvent molecules. In theory, the saturation of the wet line could
have been checked measuring the wet line flow at 100% RVPset hav-
ing methanol inserted into the solvent reservoirs. However, this
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ethod will result in false values for the RVP of methanol of the wet
ine as gaseous methanol dissolves into the soap film which leads
o a decrease in the volume flow. Consequently, the saturation of
he wet line was not verified with volume flow measurements, but
ith the calorimetric experiment.

The testing of the two factors important in the creation of RVPin
eveals a lack of saturation for the wet line and a deviation of
VPvalve from RVPset (except 40% RVPset). As a consequence, the
ctual RVP of methanol inside the reaction vessel deviates from the
heoretical RVPin. Using Eq. (3), the actual RVPin values at the dif-
erent RVPset values can be determined. Knowing the actual RVPin
alues enables the user to adjust RVPset in order to create the
esired RVP inside the reaction vessel. Consequently, even though
he actual RVPin differs from the theoretical RVPin, the user will be
ble to reliably perform perfusion calorimetry if the actual RVPin
s known. However, in case the actual RVPin differs in such a way
rom the theoretical RVPin so that the RVPin value required cannot
e achieved by adjusting RVPset, the accuracy of the vapour pressure
ontrol device is not acceptable. Hence, the acceptable accuracy of
he device depends on the RVPin value which is desired, i.e. on the
esign of the experiment. The accuracy of the tested device, for
xample, is acceptable for all experiments requiring a maximum
VPin of methanol equal to or less than 93.1%. If an improved accu-
acy of the tested device was requested, the main focus would be
o enhance the accuracy of the RVP of the wet line. As the RVP of
he wet line is assumed to depend on the time period the nitrogen
ubbles through the solvent, possible measures in order to try to

ncrease the RVP would be a lowering of the flow rate and a check
hether the penetration of the steel tubes into the solvent is max-

mal. It has to be taken into account that the RVP of the wet line
ay change in case another solvent is used or in case the experi-
ent is performed at another temperature. Therefore, the RVP of

he wet line has to be reassessed when changing the solvent or the
perating temperature.

Additionally, as the valve was found to have a changed perfor-
ance, it is recommended to repeat the volume flow measurements

t regular intervals, as the performance of the valve might deterio-
ate.
. Conclusions

The method developed is suitable to check the present vapour
ressure control device. The testing of the flow switch valve and the

[

[
[
[
[

a Acta 493 (2009) 37–41 41

verification of the saturation of the wet line allows the determina-
tion of the actual RVP of methanol inside the reaction vessel. As the
method described is not limited to specific solvents, the RVPin of any
solvent can be assessed provided that the solvent chosen is compat-
ible with the materials of the perfusion unit. In addition, the method
is not restricted to systems based on a flow switch valve. It may also
be applied for devices operating with two mass flow controllers. The
knowledge of the RVPin enables the user to reliably perform perfu-
sion calorimetry, e.g. to ascertain the RVP at which an amorphous
powder crystallises or a polymorphic substance transforms into a
solvate.
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