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Abstract Isothermal titration calorimetry (ITC) was used to study interactions between water

vapour and the surface of thermally converted sodium bicarbonate (NaHCO3). The decarboxyla-

tion degree of the samples was varied from 3% to 35% and the humidity range was 54–100%.

The obtained enthalpy values were all exothermic and showed a positive linear correlation with

decarboxylation degrees for each humidity studied. The critical humidity, 75% (RHo), was

determined as the inflection point on a plot of the mean�DH kJ/mole Na2CO3 against RH.

Humidities above the critical humidity lead to complete surface dissolution. The water uptake (m)

was determined after each calorimetric experiment, complementing the enthalpy data. A mechan-

ism of water vapour interaction with decarboxylated samples, including the formation of trona and

Wegscheider’s salt on the bicarbonate surface is proposed for humidities below RHo.
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1. Introduction

Interactions between solid-state materials and water vapour may

occur during different stages of manufacturing of pharmaceu-

tical products [1]. Water vapour uptake will not only lead to

possible decomposition of the active substance, but also to

chemical and physical changes of the excipients [2–5]. This can

cause further problems during the manufacturing process and

have deleterious consequences for the final dosage form [6,7],

including dissolution of the active component in the absorbed

water layer. Furthermore the amount of water in intermediates

and products is important not only for the stability but also for
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understanding the molecular basis of moisture effects, and

eventual improvement of production procedures [8,9].

Sodium bicarbonate is one of the most important compo-

nents in different pharmaceutical dosage forms, solid and

liquid alike. It can degrade into sodium carbonate and carbon

dioxide during sorption of moisture at low temperatures.

The stability of effervescent products can be increased by

introducing anhydrous Na2CO3, which acts as a desiccant

[10,11]. This can be obtained either by adding carbonate

physically to the effervescent mixture or by heat treatment

(partly converting NaHCO3 into Na2CO3 prior to mixing).

Isothermal calorimetry (ITC) is one of the most useful

methods to study physical changes occurring between phar-

maceutical components [12–15]. In our previous study on

pyrolytically decarboxylated NaHCO3 [16] only a narrow

range of decarboxylation degrees was investigated by ITC at

two humidities: 54% and 100% RH.

The aim of the present study is to investigate the thermo-

dynamic behaviour of the wide range of thermally converted

NaHCO3 at different humidities, ranging from 54% to 100%,
Fig. 1 Experimental thermal power profiles obtained at different re

samples (the degree of decarboxylation is given on each figure): (A) 5
in order to find optimal degree of conversion and stability

conditions for the alkaline component of effervescent systems

and to understand the mechanism of surface transformation

caused by interaction with water vapour.
2. Materials and methods

2.1. Materials

Sodium bicarbonate (NaHCO3), from Codex Fein, Solvay,

anhydrous sodium carbonate (Na2CO3) from Merck, and sodium

sesquicarbonate (trona salt) from Sigma were used. Wegscheider’s

salt was synthesised in the laboratory according to Barrall and

Rogers [17]. The water used was reagent grade Milli-Q water.

2.2. Sample preparation and characterisation

Decarboxylated samples of NaHCO3 were prepared accord-

ing to the procedure previously described in our previous
lative humidities for some of thermally decarboxylated NaHCO3

4% RH; (B) 75% RH; (C) 83% RH; and (D) 100% RH.
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publication [16]. The pH values for each sample were com-

pared to standard mixtures of NaHCO3/Na2CO3 to determine

the degree of decarboxylation. Decarboxylation degrees

obtained were varied from 3% to 35.5%.

2.3. Calorimetry

A four-channel heat conduction microcalorimeter, TAM 2277,

Thermometric AB, Sweden was used. The calorimeter was

electrically calibrated and measurements were conducted at

37 1C in sealed 1.3 mL stainless steel vessels. The enthalpies

(DH) of interaction between water vapour and the solid samples

were measured. The constant relative humidity (RH) inside the

measuring vessels was achieved by mounting small hygrostats

filled with either distilled water (100% RH) or saturated salt

solutions: NaBr (54% RH), KI (67% RH), NaCl (75% RH),

KCl (83% RH) and KNO3 (90% RH) [18,19]. The weight of the

samples was about 0.15 g. The experiments for each humidity

were repeated at least three times. The obtained calorimetric

signals were integrated. After each calorimetric run the water

uptake of each sample was determined gravimetrically.
3. Results and discussion

The thermal power (P, mW) profiles obtained at different

humidities are depicted in Fig. 1(A–D). Fig. 1(A) shows

typical calorimetric traces for the sorption process at 54%

RH (three decarboxylation degrees are given as examples).

At this humidity all samples had similar pattern of the heat

flow: at the beginning—a relatively steep initial exothermic

peak, which slowly declines to the baseline.

The time needed to complete the sorption (about 20 h) was

not solely dependent on the decarboxylation degree. The

determined thermal power values were increased with decarbox-

ylation degree and varied from 90 mW for 3% to 240 mW for

35.5% decarboxylation. Higher degree of decarboxylation also

leads to the extension of the peak maximum. The pattern of

calorimetric traces obtained at 67% RH were rather similar to

those at 54% RH (data are not presented), but P values were

almost double at maximum point for the corresponding dec-

arboxylation degrees. No significant changes were observed in

the pattern of calorimetric profiles at 75% RH, except for the

decarboxylation degree of 7.8% (Fig. 1(B)), this sample gave two

exothermic peaks within four hours from the start of the sorption

process. The second peak is less pronounced and much lower

and wider than initial. The values of the heat power at 75% RH

were between 80 mW and 650 mW. Experimental results obtained

at higher humidities (83–100%) indicated the more complicated

behaviour of studied system. Different peaks appeared on

calorimetric profiles, depending on varied degrees of decarbox-

ylation and humidity conditions. Fig. 1(C) illustrates the profile

at 83% RH for the same degree of carboxylation (7.8%) as

Fig. 1(B). Two major and one minor exothermic peaks were

observed and theirs positions were shifted to shorter time; the

total sorption process was completed within five hours, com-

pared to 14 h at 75%RH. The samples with decarboxylation

degrees 3%–10.7% showed similar behaviour at 90% RH.

Samples with the higher decarboxylation degrees needed more

time to complete the process at both humidities (83% and 90%)

and the pattern of experimental calorimetric traces were different

(data are not shown). At 100%RH the time needed to complete
the process was less than 2 h for 3% decarboxylation, and up to

36 h for 35.5%. The process is quite complicated at this RH,

which is reflected in the shape of the calorimetric traces.

Fig. 1(D) shows thermal power profiles at 100% RH for some

of the decarboxylation degrees. All samples with the decarbox-

ylation degrees higher than 3% exhibited three differently

patterned exothermic peaks, which is in a perfect agreement

with our previous observations [16]. The highest initial peak

appeared within one hour from the start of the experiment and

the heat power values at the maxima were very similar, varying

from 600 mW for 3% to 880 mW for 35.5% (not shown)

decarboxylation degree, compared to 54% RH, when the

difference was almost a factor of 3. The other two peaks were

changing the shape and the position with time and the degree of

decarboxylation. At 100% RH a small endothermic signal was

observed on all heat flow curves within one hour to the end of

the sorption process. A similar observation was recorded by

Angberg et al. [20], but for the material of different nature.

The obtained calorimetric signals were integrated and

the experimental enthalpies �DH (J/g) were calculated. They

are all exothermic and show a positive linear correlation with

decarboxylation degree (x) for each humidity studied. The

following equations are given with regression coefficients (R):

54%�DH54 ¼ 1:34þ 0:97x R¼ 0:99

67%�DH67 ¼ 3:56þ 1:61x R¼ 0:98

75%�DH75 ¼ 10:72þ 1:39x R¼ 0:99

83%�DH83 ¼ 7:20þ 1:98x R¼ 0:98

90%�DH90 ¼ 0:44þ 2:77x R¼ 0:99

100%�DH100 ¼�4:91þ 3:17x R¼ 0:99:

These data are in a full agreement with our previous results

[16], and may be used for estimation of decarboxylation degree

of unknown samples with the help of ITC.

Ahlneck and Zografi [8] proposed three ways for water

vapour interaction with solid surfaces: adsorption of water

vapour to the solid-air interface; crystal hydrate formation;

and deliquescence, a phase transformation whereby the

adsorption of water vapour leads to dissolution of the solid.

For some solids it is also possible that capillary condensation

can take place even at low humidity [21]. Two of these

processes, deliquescence and capillary condensation can lead

to the formation of condensed or bulk water, which can

dissolve water-soluble components on the surface. If crystal

hydrates are formed then their stoichiometry, position of the

water molecules and the strength of the interaction are

determined by humidity conditions. The solubility of com-

pounds present on the surface is one of the main issues to

propose certain mechanism of water vapour interaction.

For water-soluble solids the condensed water will dissolve

the solid as long as a sufficiently high relative humidity is

maintained. On the other hand under specific conditions, even

small amounts of water below this point can cause some

surface dissolution. The deliquescent materials are usually

crystalline solids with high water solubility. The critical

humidity (RHo) is a characteristic of the solid and is the point

above which the adsorbed water assumes to have the character

of bulk water [9]. However, the critical humidity is still
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unclearly defined and very few theoretical studies are reported

[22]. Usually the critical humidity is determined in sorption

experiments by means of classical static, or more modern

dynamic water sorption (DVS) methods [23–25], but calori-

metry also can be used to determine this characteristic [26].

The experimental data for each humidity were recalculated

per mole of Na2CO3 to obtain the mean �DH values (kJ/mol

Na2CO3) and obtained enthalpies were plotted against RH.

These results are presented in Fig. 2, which shows the linear

increase of the �DH from 54% to 75% RH followed by steady

state part for the higher humidities. The observed inflection

point at 75% RH can be classified as RHo for studied system.

This observation is supported by the published data; i.e.

Tabibi and Hollenbeck [27] reported 77.41% RHo at 25 1C

for sucrose; Xiang [22] and Zhan [23] determined the RHo for

different drugs and inorganic salts and reported following

values for some sodium salts: 75.3% for chloride, 76.15% for

thiosulphate and 82.5% for salicylate. Salameh and Taylor

[28] studied the deliquescence process in binary mixtures used

in the pharmaceutical industry and reported RHo data

between 48% and 91%. Moisture sorption and stability study

of sodium bicarbonate [29] gave 75–76% for the critical

humidity value depending on the temperature.

The average enthalpy value at steady state was calculated as

�26.970.6 kJ/ mole Na2CO3 and corresponds well to the heat

of solution of Na2CO3(�26.7 kJ/mole) according to Berg and

Vanderzee [30]. This is in agreement with the conclusion in our

previous publication, stating a complete dissolution of surface

Na2CO3 at 100% RH [16]. The results presented in Fig. 2

support this mechanism and expand its application to the

humidities above critical and wider range of decarboxylation

degrees: 3.0–35.5% in comparison to 1.9–8.8% in the

previous study.

In order to propose more detailed mechanism of water

vapour interaction with decarboxylated samples, especially

at the humidities below RHo, the water uptake (m) was

determined after each calorimetric experiment (Table 1), as a

complement to the enthalpy data. The water uptake increases

with the humidity as well as the degree of conversion which is

to be expected and excessive water uptake occurs at 100% RH
Fig. 2 Calculated enthalpies of interaction (�DH kJ/mol Na2CO3)

of thermally decarboxylated NaHCO3 samples against RH.
for all investigated samples. If the surface of the decarboxy-

lated sample is formed by only two compounds: Na2CO3 and

NaHCO3, then the total water uptake can be calculated

according to the given below simple additivity scheme

mpureNa2CO3
� decarboxylation degreeþmpureNaHCO3

� 100�decarboxylation degreeð Þ ¼mtotal

If the assumption is correct then for the humidities below

RHo, the total water uptake values should be equal to the sum

of the experimentally determined values for water uptake of

the pure compounds multiplied by the percentage of them in a

surface mixture. However, the results show that experimental

and calculated data do not coincide (Table 1).

To exemplify, we used the 10.7% decarboxylation degree

sample at 67% RH. The obtained experimental value of water

uptake is 2.35 g/100 g. The decarboxylation degree of 10.7%

implies that 10.7% of the bicarbonate surface is converted into

Na2CO3 and the rest (89.3%) remains unchanged (pure

NaHCO3). The water uptake for pure Na2CO3 at this

humidity is 15.7 g/100 g and zero for pure NaHCO3; 10.7%

of the value for pure Na2CO3 equals 1.68 g/100 g (Table 1),

which is lower than the experimental value, indicating the

presence of other compounds on the surface of the sample.

The difference between calculated and experimental data

varies for different degrees of decarboxylation, showing the

maximum discrepancy (calculated values are more than two

times higher in comparison with experimental ones) for the

sample with the lowest degree (3%). For the rest of the

samples the difference decreases with the decarboxylation

degree, and at 35.5% is within 6% of the total value, which

leads to the conclusion that at high decarboxylation level

the surface mainly consists of the pure Na2CO3 and

NaHCO3.

The presence of different peaks on the thermal power curves

and the discrepancy between experimental and calculated data

of water uptake for thermally decarboxylated samples indicate

that the surface is not physically or chemically homogenous

[20], and that the mechanism of water vapour interaction with

samples is more complicated than a simple adsorption–

dissolution process. Both salts initially present on the surface,

NaHCO3 and Na2CO3, are soluble in water and can form

different intermediates during the interaction with the water

vapour. Already in 1927 Hill and Bacon [31] published the

results from the investigation of the ternary system: Na2CO3–

NaHCO3–liquid H2O and reported the formation of several

stable intermediates, including mono, hepta and decahydrates

and Na2CO3 �NaHCO3 � 2H2O (i.e. trona salt) at three differ-

ent temperatures: 25, 30, and 50 1C. The formation of stable

hydrates and other compounds is temperature dependent and

very sensitive to any changes in the system [32–34]. The double

salt of carbonate and bicarbonate: Wegscheider’s salt

(Na2CO3 � 3NaHCO3), can be formed as an intermediate

during thermal decomposition of sodium bicarbonate and

trona [35–37]. Water uptake for the pure compounds:

Na2CO3, NaHCO3, trona salt, and Wegscheider’s salt was

determined in separated experiments; these data are also

shown in Table 1. At the humidities below 90% only two

compounds can gain water: sodium carbonate and Wegschei-

der’s salt, both sodium bicarbonate and trona salt are resistant

to water vapour under these conditions. The calorimetric cell

used for the measurements can be considered as a closed



Thermally decarboxylated sodium bicarbonate: Interactions with water vapour, calorimetric study 197
system, containing three components: sodium bicarbonate–

sodium carbonate–water. Several reactions can take place in

this system at atmospheric pressure: Wegscheider’s salt can be

formed, but the presence of water can convert it into trona salt

and bicarbonate. These chemical reactions are given below

(1) Na2CO3(s)þ3NaHCO3(s)-Na2CO3 � 3NaHCO3(s),

(2) Na2CO3 � 3NaHCO3(s)þ2H2O(l)-Na2CO3 �NaHCO3 � 2H2

O(s)þ2NaHCO3(s)

The energy change for the first reaction (Eq. (1)) is �8 kJ/mole

and for the second (Eq.(2)) �24.32 kJ/mol, calculated upon the

heats of formation of the components involved [38].

These two equations can be summarised giving the follow-

ing Eq. (3):

(3) Na2CO3(s)þ3NaHCO3(s)þ2H2O(l)-Na2CO3 �NaHCO3 �

2H2O(s)þ2NaHCO3(s).

If such type of transformation is taking place, then it will

increase the decarboxylation degree of the surface by the

factor of two. We will use the previous example, i.e. 10.7%

decarboxylation degree at 67% RH, for calculations according

to this proposal. If the Wegscheider’s salt is formed on the

surface and then converted into trona (Eqs. (1) and (2)), it will

mean that 10.7% of free NaHCO3 is coupled to Na2CO3; the

remaining pure NaHCO3 will be only 78.6% (89.3�10.7) and

the new decarboxylation degree will be 21.4%, instead of

10.7%. The modified calculated value for water uptake then
Table 1 Experimental water uptake values (g/100 g sample), det

between experimental and calculated (simple additivity scheme) wa

and 67%.

Decarboxylation degree (%; w/w) Experimental water uptake

54% a 67%a

3.0 0.14(0.30) 0.20(0.47

7.8 1.24(0.80) 1.91(1.22

10.7 2.17(1.06) 2.35(1.68

16.6 2.60(1.64) 3.27(2.61

23.5 3.12(2.30) 4.49(3.69

28.3 3.29(2.80) 4.90(4.44

35.5 3.35(3.50) 5.25(5.57

Na2CO3 9.90 15.70

NaHCO3 0 0

Na2CO3 � 3NaHCO3 0.30 3.20

Na2CO3 �NaHCO3 � 2H2O 0 0

aCalculated (in brackets) water uptake values (g/100 g) at low RH.

Table 2 The calculated molar ratios (mole H2O/ mole Na2CO3)

RH (%) Molar ratio (mole H2O/mole Na2CO3)

3% 7.8% 10.7%

54 0.27 0.94 1.19

67 0.39 1.45 1.29

75 1.81 1.43 1.80

83 2.36 1.70 1.99

90 5.79 2.76 2.82

100 23.36 9.61 8.64
will become 3.36 g/100 g, which is rather closed to the

experimental value for pure Wegscheider’s salt (3.20 g/100 g),

given in Table 1. Unfortunately, the real proportions of the

different compounds on the surface in the new mixture are

unknown. This can explain the discrepancy between experi-

mental and calculated water uptake values, which are gen-

erally lower than that for the pure Na2CO3, but higher than

for the pure Wegscheider’s salt. A probable reason for this

observation could be that the inner core consists of pure

NaHCO3, and an intermediate layer is formed by solid state

rearrangements of different salts, including trona, Wegschei-

der’s and pure Na2CO3. The set of additional experiments

performed on the pre-humidified samples (data are not shown)

shows the enormous decrease in the heat effects when analysed

in the humidity range from 54% to 75% and is indirect

evidence for the presence of trona salt (unchanged by water

vapour) on the surface.

The number of water molecules involved in the interaction

process is a limiting factor for the formation of trona salt. The

molar ratio of mole H2O/mole Na2CO3 was calculated and the

data are presented in Table 2. The number of water molecules

per molecule of sodium carbonate at the humidities below or

equal to critical is lower than two, which is an indication that

the formation of trona salt is not completed, implying that the

surface composition is complicated. This observation is in

agreement with Robey et al., [39], who patented a method for

the conversion of anhydrous sodium carbonate to Wegschei-
ermined after calorimetric measurements and the comparison

ter uptake values (g/100 g sample) for relative humidities 54%

values at different RH (g/100 g)

75% 83% 90% 100%

) 0.92 1.20 2.95 11.90

) 1.89 2.25 3.64 12.70

) 3.27 3.61 5.12 15.70

) 4.04 5.31 9.35 18.50

) 5.97 7.48 14.10 20.30

) 6.20 8.05 14.19 23.10

) 8.35 10.52 16.95 25.20

15.90 18.20 19.40 27.30

0 0 2.20 8.70

5.40 6.80 11.20 22.00

0 0 0 8.60

at different humidities.

16.6% 23.5% 28.3% 35.5%

0.92 0.78 0.68 0.56

1.16 1.13 1.02 0.87

1.43 1.50 1.29 1.39

1.88 1.87 1.67 1.75

3.32 3.53 2.95 2.81

6.56 5.09 4.81 4.18
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der’s salt and stated that with humidity changes from 63% to

79% the ratio between sodium carbonate, Wegscheider’s and

trona is changed from 5:85:10 to 20:0:80.

Above critical humidity, 75%, the heat effects were inde-

pendent upon the storage at low humidity but were related to

the dissolution of Na2CO3, as previously stated. At this

condition the presence of Wegscheider’s salt on the surface

is unimportant; the enthalpy values, calculated per mole of

Wegscheider’s salt will give its heat of solution, instead of the

heat of solution of sodium carbonate.
4. Conclusions

This study by means of ITC reveals the complicated behaviour of

investigated system regarding the carbonate chemistry and

interaction with water vapour. The critical humidity, 75%, was

determined as the inflection point on a plot of the mean

�DH kJ/mole Na2CO3 against relative humidity. The incubation

at low humidities is beneficial with respect to the stability of the

samples. For the storage purposes the humidity should not

exceed RHo. The humidities above the critical can lead to the

dissolution of Na2CO3 on the surface of NaHCO3. The possible

surface composition, including trona and Wegscheider’s salt was

suggested. The latter has to be elucidated in further studies.
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