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Abstract

The method of sorption calorimetry allows simultaneous monitoring of water activity and the partial molar enthalpy of mixing of water.
The way of calibration of sorption calorimeter affects the accuracy of the data obtained in sorption experiments. In order to improve the
accuracy of the method one can use physico-chemical calibration instead of electrical calibration. The system for use in the calibration should
keep its properties constant during the sorption of water, therefore a heterogeneous system can be used. The particular system suitable fol
this purpose is magnesium nitrate hexahydrate in equilibrium with its saturated solution. The enthalpy of dissolution of the hexahydrate in its
saturated solution needed for the calibration has been determined by isothermal titration calorimetry at 2&amtitration results are
in agreement with the calculations based on van der Waals differential equation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ods, which do not provide the complete thermodynamic
. _ _ _ description and require larger amounts of studied samples.
Sorption calorimetry{1-3] is a relatively newly devel- In the sorption calorimetric experiments two parameters—

oped method successfully applied for studies of various the water activitya,, and the partial molar enthalpy of
materials—lipidg4], surfactantg5,6], DNA and other sub-  mixing of water H'—are measured as functions of water
stanceq7]. The method allows obtaining the data on the content. A way to improve the accuracy of the measure-
activity of water and the partial molar enthalpy of mixing of ments of the water activity was proposed ear[@t Here
water in a solid or ||QU|d substance in one experiment. The a method to improve the accuracy of determination of the
possibility of getting the data on the activity of water and the other measured parameter-'As proposed.

enthalpy of mixing means that the complete thermodynamic  Sorption of water by a solid or liquid substance can be
description of a studied system at a given temperature candescribed in two ways: either by partial molar enthalpy of
be obtained. The method is universal from point of view sorption of water by the substane@orpor by partial molar

of a studied system: any condensed phase system not conenthalpy of mixing of water with the substanggl'. Since
taining volatile substances other than water can be studied.the process of sorption of water vapour can be divided in two
Non-aqueous systems can also be potentially exanjBled  steps: condensation of the water vapour to the liquid water
The method requires relatively small amounts of samples and then mixing of the liquid water with the substance, the

(usually 10-50mg), therefore it is suitable for studies of values of T and Hy, " are related in the following way:
newly developed substances, which are usually very expen-, sorp vap

\ : w ~=—Hy" + Hy 1)
sive. On the other hand the method has some disadvantages, w
one of which is lower accuracy comparing to the meth- where Hy'* is the enthalpy of vaporisation of pure water.
Absolute value offy " is usually much higher than that of
* Present address: Health and Society, Malmé University, SE-205 06 HVT' th_erefore’ thevamam (l:on'Frlt.)utlon to the enthalpy of sorp-
Malmo, Sweden. Tel.:46-40-6657946; fax:-46-40-6658100. tion arises fromHy,™, which is independent on the proper-
E-mail address: vitaly.kocherbitov@hs.mah.se (V. Kocherbitov). ties of the studied system. This fact means that the enthalpy
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of mixing is much more sensitive to the interactions between 2. Materials and methods

water and the studied material. Therefore the enthalpy of

mixing rather than the enthalpy of sorption is normally used = Magnesium nitrate hexahydrate (purity >99%) was sup-

to describe results of sorption calorimetric experiments. plied by Merck; water passed through Millipore Q purifica-
A sorption calorimetric cell consists of two chambers— tion system was used.

sorption chamber and vaporisation chamber. In the sorption Sorption calorimetric experiments were performed in

chamber the studied substance is placed, while in the vapor-a double-twin microcalorimeter with the inner diameter

isation chamber water is injected. During experiment, the 20 mm[2,3]. The sorption calorimetric cell with the vapor-

thermal powers from the two chambeP&'P and P¥@P are isation chamber on the bottom and the sorption chamber on
measured separately. These values are used to calculate thiie top was used. The standard procedures of the method
partial molar enthalpy of mixing of water: of sorption calorimetry1,5,9] were used in sorption exper-
iments. The calorimetric signal was converted into digital
vap vap iap form using Pico ADC16 converter.

m _ Sorp _ Sorp
F w o Hw = B P e 2) For isothermal titration calorimetric experiments 2277
o ) TAM Thermal Activity Monitor System was used. The vol-
Thermal powers of vaporisation and sorption usually have yme of the insertion vessel was 3ml. Calibration of the

opposite signs and close absolute values. Therefore, on the:ajorimeter for titration experiments was performed by dis-
right side of theEq. (2) there is a difference of two large  solution of propanol in watef11].

values, which gives a relatively small value Bf'. Conse-

quently, the enthalpy of mixing calculated usigg. (2)is

very sensitive to the uncertainties of values of thermal pow- 3. Enthalpy of dissolution of magnesium nitrate
ers. The thermal powePare calculated from the calorimet-  hexahydrate

ric signalsU and corresponding calibration coefficient

3.1. Measurement of H]' using isothermal titration
P =Ue (3) calorimetry

The calibration coefficients are usually determined by  The partial molar enthalpy of mixing of water is by defini-
electrical calibration. Conditions of the electrical calibration jon the enthalpy change upon an addition of a small amount
are very different from that of the real sorption experiments, of water at a constant temperature and pressure. Therefore
therefore a significant error can be introduced. Another way thjs value can be directly measured in isothermal titration
of calibration of sorption calorimeter is to conduct a sorption calorimetry when a small amount of water is injected into
experiment with a substance or a system with a well-known 5 stydied solution or substance. For a system salt-saturated

value of the partial molar enthalpy of mixing with watef;. solution the partial molar enthalpy of mixing of water is

In that case not the values of the calibration coefficients but equal to the enthalpy of dissolution of the salt in its satu-

their ratio has to be determined: rated solution calculated per mole of water. This value re-
vapeSOPUSOP mains constant in the whole interval of coexistence of salt

Hyy = Hy® + Hy and saturated solution. In order to measure this value using

isothermal titration calorimetry, we tried to use the following

A standard chemical system for the calibration should Procedure: the saturated solution of magnesium nitrate with

have the fo”owing properties: a small amount of CryStaIS of Mg(l\m6H20 was equili'
brated in the titration vessel. A stirring was applied to this

e The value of HJI' in this system should be well-known heterogeneous system and an injection of a small amount
and/or can be determined independently by another of water was made. After the injection the calorimetric sig-

gvapyvap (4)

method. nal did not return to a value close to the baseline even after
e HJ should not change during sorption of water. several hours of experiment. Similar experiments were con-
¢ The substances of the system should not cause a corrosiosiucted several times but signals returned back to baselines

of the sorption cell. in none of the experiments. This fact shows that the kinetics

e The substances should be cheap and easily available.  of dissolution does not allow to use this procedure to deter-
mine the heat of dissolution even when an effective stirring

The system, which meets these requirements, is a saltis applied. To solve the problem another procedure was pro-
in equilibrium with its saturated solution. The particular posed: the calorimetric vessel was filled with wet crystals
salt chosen in this work is magnesium nitrate since this of Mg(NO3)2-6H>0 and no stirring was used. The injection

salt is already used for another application of sorption needle was inserted in the vessel in a way that provides a
calorimetry—desorption experimertk0]. Isothermal titra- direct contact of the injection needle with the crystals. Af-
tion calorimetry was used to determine the partial molar ter injection of several milligrams of water the calorimetric
enthalpy of mixing of water in this system. signal returned to the baseline typically in 1 h. The values of
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Table 1 4

°
Enthalpy of dissolution of Mg(Ng)2-6H20 in its saturated solution, £
kJ/mol H,O i
Temperature  Titration Literature data Calculation £3
(69 T
25 4134001 477502 439 408 3.9¢
40 5.39+007 - -
Uncertainties are given as twice standard deviations of the mean (three 1
measurements at 2&, 11 measurements at 40). I >
a Apelblat and Korin[24]. rih
. r, mol/mol
b Calculated from the data cited by Treptd@2]. ’
Z Extrapolated fron{20]. Fig. 1. Partial molar enthalpy of mixing of wated! as a function of
Extrapolated from the data of the NBS tab[@d]. molar ratior in a typical phase transition at a constant temperatiis.
€ Calculated using van der Waals differential equation. determined byEq. (A.6).

enthalpies of dissolution obtained at 25 and’@Qare given
in Table 1. The value of enthalpy is higher at"4Dthan at
25°C. This is caused by the fact that the composition range
of coexistence of the phases is smaller at higher temperature,

In order to calculate the enthalpy terfi' 2 using van
der Waals differential equation:

dinay \®
therefore an addition of the same amount of water &G40 RT2 (ﬁ) Ax1=2
causes the dissolution of larger amount of salt than &&25  Tgl—2_ gl—2 _ (1= 0dx/7p (8)
The main source of errors in these titration experiments prob- (d7/dx)@®

ably arises from the absence of stirring. Usually the stirring | 1os to know the slope of the phase boundary in the
'S.t?ﬂﬂ'ed Tor t\tN.O tphurpoTes_: tot mix the Ilnjegtted SUbftadr?CE first phase, activity of water and its derivative in the same
with the solvent in the calorimetric vessel and fo evenly dis- ,p4se and the length of the tie liner! 2. Since the ther-

tI’I.bL!te t_he heat n the vessel. The former reason to use themodynamic data are better known for the solution than for
stirring is not valid here: since the system is heterogeneous

he ini d q dtob v distributed i 'the hydrate, the first phase is chosen to be the saturated salt
the injecte watgr pes_not nee tp e evenly distri Ute M solution while the second phase—the hexahydrate. There
the vessel. The distribution of heat in the vessel could still be

bl but since the titrati it bl f is a number of publications presenting the data about the
aprodemél uisince the II ra '?]n resu lflwef;e reashonab y_wed solubility of magnesium nitrate (i.e. composition of the first
reproducible, it appargntyrat erweakly affects t eo taine phase), see for examp[@5-17]. Here we used the value
data. In order to eliminate the problem and further increase : (1)

. . . 42.1wt.% at 25C [17] which corresponds te;;” = 0.9189

the accuracy, it would be advisable to conduct this type of N 152

; : . : . and 'Y = 11.32 andAx = —0.0618. For the cal-
experiments in the calorimeters that have the calorimetric

culation of the slope of the phase boundary the data of
vessels covered by the thermocouple plates on all §id8s Sieverts and Petzold 7] and Sieverts and MulleiL6] ap-

proximated by polynoms were used. The obtained value
was dI/dx = —2305K. The activity of water in the satu-
rated solution of Mg(N@), according to Greenspdi8]
is 0.5289. The composition dependence of water activity
near the saturation point was calculated from the data of El
Guendouzi and Marouafil9]: day/dxy = 7.39. The value
H'~2 calculated usindeq. (8)is 3.41 kJ/mol, which corre-
AVI=2p = ASY2T + (82G/8x2)(T1},Ax1_’2dx(1) (5) sponds ta = 23.9kJ/mol. In order to find the value &)

: for the system salt-saturated solution one has to know this

In the appendix it is shown that at a constant total pressureVvalue for the solution which composition is close to that of

p the entropy terns1~2 is directly related to the integra¥ the saturation—ﬁ(l) (seeEq. (7)). Differentiation of the
(Fig. 1) under theH)' curve: data of[20] gives the valueZ'™ = —0.50 kd/mol. Finally,
calculation usingeq. (7) produces the value of the partial
molar enthalpy of mixing of water in the system magnesium
nitrate hexahydrate-saturated solution as 3.99 kJ/mol.

3.2. Calculation of H! using van der Waals differential
equation

Another way to determinéfl! during a phase transition
is to use van der Waals differential equati@nl3,14](see
alsoAppendix A):

TASY™2 = Hx? (6)

(herexéz) is the mole fraction of the salt in the second phase).
From Fig. 1 one can see that the partial molar enthalpy
of mixing during phase transition can be calculated in the
following way:

3.3. Comparison to the literature data

In the literature the data about dissolution of Mg(®&
H 6H,O are usually given in kilojoule per mole of salt:
HY = HI® 4 — @) i
w w Ar AsolH(salt). Therefore the values of the enthalpies were
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recalculated per mole of watexsqH(H20) using the fol-

lowing formula: 400t
AsolH(H20) = —Aszgj(salt) (9) o
rsat— 6
200

wherersais the number of moles of water per number of =
moles of salt in saturated solution. Values of enthalpy cal- o100
culated using=q. (9)are given inTable 1(values marked a oH-
and b).

Data on enthalpies of dissolution of salts in their satu- 100f
rated solutions are rarely present in literature. More often the _200_L_
data are related to non-saturated solutions. In order to find ;
the enthalpy of dissolution of magnesium nitrate in the sat- 0 5 10 15
urated solution, the data on the enthalpy of dilution and the Time, h
data on the enthalpy of formation of solutiZi] were ex- Fig. 2. Raw calorimetric signald) (see Eg. (3)) from the sorp-
trapolated to the saturation point (values marked ¢ and d intion calorimeter during calibration experiments at°25 (solid curves)
Table 1). and 40°C (dashed curves). Negative values correspond to the sig-

The titration data presented here, the results of the cal-nals from the sorption chamber; positive values from the vaporisation
culation using van der Waals differential equation and the c"amPer
results obtained by extrapolation of the values from NBS
tables[21] are in a good agreement. Other three values pre- electrically. An alternative way is to fill the sorption cham-
sented inTable 1are higher but not in agreement to each ber with wet crystals of salt and perform a titration ex-
other. There is no data about experimental technique em-periment in the chamber. Since the stirring is not used in
ployed in obtaining the highest valyg2]. Therefore the  the proposed type of the titration experiment, one can per-
data obtained by isothermal titration calorimetry are proba- form the titration in the sorption cell. Knowing the enthalpy
bly the most accurate. Since the accuracy of measurement®f dissolution of the salt, one can calculate the calibration
of Hy in sorption experiments is not better than 0.5 kJ/mol, coefficient of the vaporisation chamber from this titration
the present data can be recommended for use in the calibraexperiment.
tion of sorption calorimeter. The maximum vapour flow calibration is usually done
in an experiment with molecular sieves. In that case the
water activity in the sorption chamber is close to zero and
4. Calibration of the sorption calorimeter the vapour flow between the chambers reaches the maxi-
mum value. In principle, one can get the information about
The calibration of the sorption calorimeter was performed the maximum vapour flow of the calorimetric cell in the
in the same way as a normal sorption experiment. The sam-experiment with saturated salt solution (Fig. 2) and there-
ple (wet crystals of Mg(N®),-6H,0) was placed into the  fore combine two calibrations in one experiment. Since the
sorption cell, and after the stabilisation of the baseline, wa- activity of water of the saturated solution of magnesium
ter was injected into the vaporisation chamber. The depen-nitrate is well known, one can calculate the maximum value
dences of the values of calorimetric signals with time are of the calorimetric signal from the signal registered in the
presented irFig. 2. The signals kept constant values dur- experiment with the salt system. On the other hand it was
ing the experiments both at 25 and4D), which means that  noticed that the calorimetric signal from the vaporisation
the selected system is suitable for calibration of the sorp- chamber was better reproducible in the experiments with
tion calorimeter. The ratio of the calibration coefficients was molecular sieves than in the experiments with the salt sys-

calculated in the following way: tem. The reason for this is probably the kinetics of sorption
£S0rp HM yvap of water vapour on rather big crystals of Mg(h)@ 6H,O
ap = (m\'&p— )(W) (10)  (the ratio of the signals from the two chambers is not

affected by the kinetic problem). Therefore, in order to ob-
and the obtained value of the ratio was 1.354 both at 25 andtain more accurate results one can recommend to perform
40°C. the maximum vapour flow calibration using the molecular
Sorption calorimeter requires three types of calibrations: sieves.

calibration of vaporisation chamber, calibration of sorption  The calibration of the double-twin sorption calorimeter
chamber and the maximum vapour flow calibration. A new using the system salt-saturated salt solution as a standard
way of calibration of the sorption chamber is described allows one to simplify the procedure of the calibration and
here. The other two types of calibrations can also be doneto increase the accuracy of measurement of enthalpy. The
using the system salt-saturated salt solution as a standardsame standard can potentially be used for calibration of other
The calibration of the vaporisation chamber is usually done types of sorption calorimeters.
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' H= (HN—HYDYdr = —— — —— — H'"DAr
1 w w (2) (1) w
r@® Xs Xs
. (A.6)
Appendix A _
In order to compare? and AH~2 one has to get rid of
In this section the heat effect observed in a phase transitionthe derivative inEq. (A.4):
is compared to the entropy term of van der Waals differential ggm o o o H™ o
equation. m =Hy, —Hy = Hy, — x_s + Hyr (A7)
Van der Waals differential equatidh,13,14,23]:
Then:
326\
AVI=2dp = AST2T + (W) Axt 2D (A) AHL2 = gm@) _ gm@) _ A 12
X T.P

can be used to calculate the slope of the phase boundary
when the information about isothermal thermodynamic pa-

rameters is knowfb]:

1
RT( dInay, )“ A2
dr 1-xdx /7,

dx —§m@) — gmM — Axl=2(gsm /o)D),

(A.2)

On the other hand, having the information about d Dide

can calculate parameters related to isothermal conditions,

for example the entropy term $1~2 (denominator on the
right-hand side of th&q. (A.2)). The entropy term is directly
related to the enthalpy tertn H1~2:

AH1—>2
ASl_)Z = — A.3
T (A.3)
152 m@) m) 1 (AH™\WP
AH'? = H™®) — B — Axl=? (= (A.4)
X T.P

Hm(l)
1
X (Hx'( ) O

+ HVT(l)r)
Xs
2
X
= H™® g A d-2gma g o)
Xs

(A.8)

Dividing both sides of th&q. (A.8) by the molar fraction
of the component s, we obtain:

1-2 _ Hm(2) Hm(l) _ma) Axl—>2(1+r(1))
e e e w e
Hm(2) Hm(l) m
- - - 1)
@ ) H,"" Ar (A.9)
S S

ComparingEgs. (A.6) and (A.9pne can see that
AHY™2 = Hx? (A.10)
Eqg. (A.10)means that the enthalpy term of van der Waals

differential equation is equal to the area under the curve
molar ratio—partial molar enthalpy of mixing of water mul-

In the following we present a way to use calorimetric data tiplied by the molar fraction of the second component at the
to calculate the entropy term of van dar Waals differential eng of the phase transition if the baseline corresponds to the

equation. In the sorption calorimetric experiments the partial |eye| of the partial molar enthalpy of mixing of water before
molar enthalpy of mixing of wateH;,' can be measured. In-  the transition.

tegration of this parameter over the composition range 1
2 with respect to molar ratie = ny/ns gives the change
of the intensive integral enthalpy of mixing™ divided by
respective content of the substance:
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