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1. Introduction
Compacted bentonite clay is proposed as a buffer material to protect spent nuclear fuel
disposal canisters in geological repositories. In order to assess the performance of the clay
components in the disposal, thermo-hydro-mechanical models for buffer materials have been
developed and they contain parameters that need to be determined [1]. Mechanical
properties of bentonite relate, for example, to the post-closure initial evolution of the clay
components and the deformation of the components during bedrock dislocations. The effects
of hydration from ground water entering the material to these properties needs testing. For
mechanical tests conducted in laboratory, samples with different water contents need to be
prepared carefully.
The focus of the work described in this report is the careful control of the water content of
bentonite powder by water vapour equilibrium technique. The powder is eventually used to
compact samples for triaxial mechanical tests. The reasons to wet the bentonite with water
vapour is to minimize the mechanical damage to the material and the dissolution of side
minerals before the triaxial tests.

2. Goal
The goals were to 1) design and create a system for wetting bentonite powder into different
water contents with water vapour, 2) to test the system and 3) to write instructions for its use.
The system should maintain a certain relative humidity in a chamber containing the clay
powder needed for a single test series. The material should be ready for compaction after the
final water content has been reached.
The goal after the saturation is to compact the powder with isotropic pressure and shape the
compacted solid bentonite to cylindrical samples with 5 cm diameter and 10 cm height. The
samples are used to perform a triaxial compression test series of 20 compacted specimens
for each relative humidity and corresponding water content. This report focuses on giving
instructions on the wetting system and reasoning them.
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3. Theory
3.1

Bentonite clay

Bentonite consists mainly of layers of montmorillonite mineral that form stacks. Water
between these layers is called interlayer water. The montmorillonite layers consists of an
octahedral sheet between two tetrahedral sheets signified shortly by TOT. The TOT layers
are held together by electrical forces between the negatively charged tetrahedral structures
and positively charged ions in the interlayer water [2]. The stacks form irregular structures
that, in turn, form the grains of bentonite powder. Increasing water content between the
interlayers and on the stack outer surfaces causes swelling of bentonite. Besides the
montmorillonite mineral, natural bentonite contains various side minerals that depend on its
origin.
Bentonite is hygroscopic material, that is, it can adsorb (and desorb) water from (to) water
vapour. The adsorbed gravimetric water content depends on the relative humidity of the
water vapour with which the bentonite water is in equilibrium. This principle is the basis for
the water vapour equilibrium technique utilized in the wetting system in this report.

3.2

Water content

The gravimetric water content of a clay is the mass of water divided by the dry mass of
bentonite, 𝑚𝑑 as [1]
𝑤=

𝑚𝑡𝑜𝑡 − 𝑚𝑑
𝑚𝑑

(1)

where 𝑚𝑡𝑜𝑡 is the total mass. The subtraction 𝑚𝑡𝑜𝑡 − 𝑚𝑑 yields the mass of absorbed water
𝑚𝑤 , which can be written as
𝑚𝑤 = 𝑤𝑚𝑑

(2)

where 𝑚𝑑 is
𝑚

𝑡𝑜𝑡
𝑚𝑑 = (1+𝑤)
.

(3)

The change in the mass of water from initial water content, 𝑤𝑖 , to final, 𝑤𝑓 , is therefore
𝛥𝑚𝑤 = 𝑤𝑖 𝑚𝑑 − 𝑤𝑓 𝑚𝑑 .

(4)

The dry mass of a sample is weighed after drying it for 24 hours in 105oC. The dry density of
bentonite is dry mass, or the mass of solid, divided by volume.
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3.3

Relative humidity

Relative humidity (RH) over a saturated salt solution at equilibrium depends on the salt that
dissolves into ions in pure water. RH at a given temperature is defined as the ratio of the
water vapour partial pressure 𝑝𝑤 over the solution to the water vapour pressure over pure
𝑝𝑢𝑟𝑒
water 𝑝𝑤
[3]:
𝑅𝐻 =

𝑝𝑤
𝑝𝑢𝑟𝑒
𝑝𝑤

(5)

4. Materials and methods
Wetting bentonite with vapour takes generally weeks to months [4] depending on the initial
and final conditions of the experiment. The surface area to volume ratio of the bulk powder
could affect the diffusion of water vapour into bentonite. This was taken into consideration
with the thickness of the powder layers. The wetting can be assumed to take a longer time if
the layer is thick. On the other hand, water evaporates quicker from a thin layer when taken
out of the humid conditions. Preserving the achieved water content for later tests and
preparations is another matter to consider.

4.1

Final sample

The final compacted and cylindrically shaped sample for a triaxial test has a height of 10 cm
and a diameter of 5 cm. Before the triaxial tests, the sample has a certain dry density called
initial dry density. Eventually tests will be conducted for samples with initial dry densities of
1400 kg/m3 and 1600 kg/m3.

4.2

The system for wetting bentonite

The experimental arrangement for a single salt solution was designed to contain Wyoming
Na-bentonite (Bara-Kade) powder to perform a triaxial test series of 20 final samples with the
higher initial dry density of 1600 kg/m3.
Desiccator cabinets were used as chambers to enclose the atmosphere forming over the salt
solutions. The wetting system includes four cabinets (with eight shelves in each one)
meaning that four RHs can be controlled simultaneously. The desiccator cabinets were
stacked into stacks of two having the bottom ones close to floor level. One aluminium mould
filled with bentonite powder spread evenly in a 2,5 to 3 cm layer was placed on each shelf.
Shelves were used to make the handling of large quantities of the powder easier. The salt
solution was placed in a tray on the bottom of the chamber. To keep track of the saturation
process, one beaker with about a 3 cm layer of the powder was placed on the topmost shelf
for mass checks. Next to it, a similar sample was weighed and placed and left undisturbed in
each cabinet as a backup for mistakes with the actively monitored saturation sample. The
effects of taking the sample out regularly for weighing could also be estimated this way
afterwards.
To achieve an equilibrium relative humidity over a saturated salt solution in an experiment
the following factors should affect positively [3]:


Enclosing and sealing the chamber well



Preferring non-hygroscopic materials inside the chamber
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Temperature equilibrium between the components inside



Large surface area of the solution



Providing ventilation or air circulation inside the chamber

In the system described above, these factors have been applied quite well apart from having
an air circulation system. The powder was also put into relatively thick layers to make the
needed mass fit better inside the cabinet.

4.3

Description of the salts

The criteria for choosing the salts for creating the relative humidities (RH) included safety,
availability, solubility and a small temperature coefficient while achieving a comprehensive
range of RHs between 0-100%. The goal was to find around 10 salts from this range. The 11
salts that were eventually chosen can be found in Table 1. The reasoning for why a salt was
chosen or discarded is discussed here. The reader is advised to see Table 1 and Table 2 for
verification of some of the reasoning.
The temperature in the laboratory is quite stable varying roughly around 20-23°C.
Regardless, the aim was that most salts chosen would have a small temperature coefficient
at minimum at temperatures between 20°C and 25°C to achieve constant RH conditions
during saturation. If not separately mentioned in the following sections, the RH at 20°C is
meant.
Among the alternative salts a lesser solubility was favoured to avoid the need to purchase
large amounts of a single salt. The quantities are discussed in section 4.3.7. It was also
desirable for the salts to be easily available for repetition of the experiment. The salts were
purchased from VWR.
4.3.1

Main salts: LiCl, MgCl2, NaCl and K2SO4

The salts LiCl, MgCl2, NaCl and K2SO4 were considered applicable because they have been
used in calibration [5] and provide a good range of relative humidity values with 11%, 33%,
75% and 97%, respectively. The RHs of these salts also have a relatively low temperature
coefficient, a fairly low solubility to water at 20°C between 10-50 g/100ml, and they are
relatively safe to use (see SDSs: [6], [7], [8], [9]).
More RH values are needed in addition to the four discussed above. Deciding on the salts
providing the missing RH values at laboratory conditions is discussed in the following
sections.
4.3.2

RH below 11%: LiBr

Lithium bromide, LiBr, generating an RH of 7%, was chosen as another dry end RH in
addition to LiCl. It was chosen because its saturated salt water solution is temperature stable
[10] and has been formerly used in similar context [11]. Disadvantages of this salt are related
to its high solubility to water and some safety considerations (SDS: [12]).
4.3.3

RH between 11% and 33%: CH3COOK

Potassium acetate, CH3COOK, generates an RH of 23% approximately in between the limits
filling the gap. It was chosen to provide a missing RH and for its quite small temperature
coefficient, but it is also highly soluble in water, which is not ideal.
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4.3.4

RH between 33% and 75%: K2CO3, Mg(NO3)2, NaBr

Potassium carbonate, K2CO3, magnesium nitrate, Mg(NO3)2, and sodium bromide, NaBr
solutions provide relative humidity values of 43%, 54% and 59%, respectively. K2CO3
solution is considered temperature stable whereas Mg(NO3)2 and NaBr are not, but were
chosen to fill the gap in RH values. In this RH range a high solubility is not a significant
factor, if the initial water content of the bentonite powder corresponds to normal indoor room
air, because the water content very likely equilibrates close to the initial condition.
4.3.5

RH between 75% and 97%: KCl, KNO3

The saturated salt-water solutions of potassium chloride, KCl, and potassium nitrate, KNO3,
produce relative humidities of about 85% and 95%, respectively. They were chosen because
their solubility is fairly low even though the temperature coefficient of KNO3 is not the
smallest and its equilibrium RH is quite close to the RH produced by K2SO4.
4.3.6

Discarded potential salts

Discarding a salt was affected by a sum of several factors. Therefore, a discarded salt may
even have some better qualities compared to the chosen ones. On the other hand, not all
disadvantages may be discussed here. The salts may also be suitable or safe for the
experiment, but others were preferred over them. The safety precautions on the safety data
sheets should always be well adopted.
Some salts were discovered to have similar issues and are covered in groups.


Iodine salt options KI and NaI have a hazard statement in their SDSs [13] [14] about
repeated exposure being harmful for the thyroid if swallowed. They are also highly
soluble to water with a solubility over 1000 g/l [15] and the RH generated by them
shows a dependence as a function of temperature, and in the case of KI very clearly
[10].



NH4Cl, SrCl2 and NaNO3 were not chosen because their solutions produce RHs
within 5% above and below from 75% of NaCl. The RHs are also somewhat
dependent on temperature, especially in the case of SrCl2 [10].



From the dry end salts, ZnBr2 was discarded straight because of its high solubility in
water of 447 g/100 ml at 20°C [16] although the RH of the salt solution is considered
stable [10].
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Table 1. Collection of properties of chosen salts including solubilities and relative humidities
relating to their saturated salt-water solutions. The column with RH change vs T roughly
points out the variation in RH between 15°C to 30°C based on literature [10]. The column
showing level of respiratory protection functions only as a guideline, and the information has
been collected from the same sources as the solubility on each row.
Salt

1

RH% (20°C) [10]

RH
change
vs T

Level of respiratory
protection in certain
type of handling

Solubility in
water, g/l (20°C)

K2SO4
KNO3

97,59 ± 0,53

<2%

P1

1111

94,62 ± 0,66

<5%

P1

3202

KCl

85,11 ± 0,29

<3%

P1

3473

NaCl
NaBr

75,47 ± 0,14

<1%

P1

3584

59,14 ± 0,44

<6%

see SDS

9055

Mg(NO3)2

54,38 ± 0,23

<5%

P1

4206

K2CO3

43,16 ± 0,33

<1%

P3

11207

MgCl2

33,07 ± 0,18

<2%

P1

468,78

CH3COOK

23,11 ± 0,25

<3%

see SDS

25309

LiCl

11,31 ± 0,31

<1%

P2

83210

LiBr

6,61 ± 0,58

<2%

Standard EN 143

149011

Value from reference [9]
Value from reference [24]
3 Value from reference [21]
4 Value from reference [8]
5 Value from reference [20]
6 Value from reference [23]
7 Value from reference [19]
8 Value from reference [7]
9 Value from reference [22]
10 Value from reference [6]
11 Value from reference [12]
2
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Table 2. The dependency of RH on temperature found in literature [10].
Salt

15°C

20°C

25°C

30°C

K2SO4
KNO3

97.89 ± 0.63

97.59 ± 0.53

97.30 ± 0.45

97.00 ± 0.40

95.41 ± 0.96

94.62 ± 0.66

93.58 ± 0.55

92.31 ± 0.60

KCl

85.92 ± 0.33

85.11 ± 0.29

84.34 ± 0.26

83.62 ± 0.25

NaCl
NaBr

75.61 ± 0.18

75.47 ± 0.14

75.29 ± 0.12

75.09 ± 0.11

60.68 ± 0.51

59.14 ± 0.44

57.57 ± 0.40

56.03 ± 0.38

Mg(NO3)2

55.87 ± 0.27

54.38 ± 0.23

52.89 ± 0.22

51.40 ± 0.24

K2CO3

43.15 ± 0.33

43.16 ± 0.33

43.16 ± 0.39

43.17 ± 0.50

MgCl2

33.30 ± 0.21

33.07 ± 0.18

32.78 ± 0.16

32.44 ± 0.14

CH3COOK

23.40 ± 0.32

23.11 ± 0.25

22.51 ± 0.32

21.61 ± 0.53

LiCl

11.30 ± 0.35

11. 31 ± 0.31

11.30 ± 0.27

11. 28 ± 0.24

LiBr

6.86 ± 0.63

6.61 ± 0.58

6.37 ± 0.52

6.16 ± 0.47

4.3.7

The quantities of salts and water

Estimating the amount of each salt required for the wetting partly indicates the practicality of
a salt solution. The estimation was based on solubility, increase or decrease in water content
and the size of the dish. The volume of the chamber also affects, but was not taken into
consideration. The plan of adding water during the saturation process also affected the
quantities.
The lower RH values are below the initial laboratory storing RH and the bentonite powder
dries when placed in the lower RH. These hygroscopic salts may absorb the moisture that
the bentonite releases, which dilutes the solution and should be taken into account with the
concentration of the initial solution. The ones that are above the RH in the laboratory
increase the water content of bentonite and the solution loses water. Therefore. more water
is needed into the solution the higher the RH, and less the lower the RH compared to the
initial condition. When determining the required amounts of water and, therefore, salts into
the solutions, Equation (4) can be used if the water contents of bentonite in its initial and final
conditions are known.
The mass of the salt in a solution with certain volume of water was determined as the
solubility to that volume of water multiplied by 1,5 to ensure saturation of the solution . The
masses of salts determined this way can be found in Table 6 in Appendix section A7. In
practice, the amounts may vary from the tabulated ones. The focus was on keeping the
solution supersaturated to maintain the RH. Sludge should appear in a supersaturated
solution.

4.4

Limitations



The system was tested for a single type of clay and is not verified to work on other
types.



The advised and reported quantities of clay powder depend on the type of the clay
and its initial water content.



The system is designed for a specific temperature. At least the solubilities and
quantities of salts and the stability of RH in chambers are affected by temperature
and therefore the system is, too.
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The volume of bentonite being handled at once is limited by cabinet size, shelf
surface area, and the thickness of the bentonite powder layers.



The desiccator cabinets lack fans to increase air circulation. Fans may speed up the
saturation process and equilibration of an RH by distributing moisture inside the
cabinet more efficiently.



The preparation of salt-water solutions was tested only with K2SO4, NaCl, K2CO3 and
LiCl.



The performance of a salt-water solution over time.

4.5

Lessons learned



The sludge of the salt solution may grab onto the bottle if the solution has been
stored in it for a long time. If mixing does not help, another solution is to dilute the salt
remaining in the bottle with a little bit (e.g. 10 ml) of extra water, but making sure not
to make the solution undersaturated.



The contents of the two bottom cabinets close to the floor would be easier to handle
and monitor if they were placed higher.



Some inconveniences occurred while testing the system. Checking the water loss of
NaCl and K2SO4 appeared to be more difficult than expected. Weighing the solution
on the tray would have been a more precise way to keep track of the concentration,
but would require a safer system for carrying the solution trays.

4.6

Methods

The system of one relative humidity was designed to retain bentonite powder for making 20
cylinder-shaped compacted samples of 5 cm in diameter and 10 cm of height. The required
quantities were calculated assuming the final samples to have a dry density of 1600 kg/m3.
From these parameters the required dry mass was determined.
The initial water content, w, of bentonite was needed to approximate the mass of additional
water from wetting. The required mass of bentonite powder stored in laboratory conditions is
the dry mass multiplied by (1+w).
4.6.1

Water content of MX-80 bentonite at laboratory storage conditions

The initial water content of bentonite was determined to approximate at least two things: how
much water in mass the bentonite powder will gain in different humidities and to evaluate the
needed mass of the powder.
Ten beakers labelled 1-10 were weighed. MX-80 bentonite powder was put into each and the
total mass of the beaker and bentonite was weighed. Then the samples were put into a
drying oven at a temperature of 105°C for 24 hours. The samples were taken out of the oven
one by one with metal pliers to be weighed right away. The scale readings of masses and
calculated water contents are presented in Table 3.
In addition, the same procedure was performed simultaneously to an 11th sample, which
contained wetted bentonite scooped out of a beaker from an old desiccator labelled to
maintain an RH of 100%. The sample served as a means to estimate a high water content.
The RH was not verified separately.
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Table 3. Mass readings of beakers and total masses of the MX-80 samples before and after
being 24h in 105°C, and the calculated water content using Equation (1) and the tabulated
values.
Sample
1

Mass of beaker
(g)
38,0520

Total initial mass
(g)
57,1306

Total final mass
(g)
55,4878

Water content
(%)
9,42

2

47,7565

81,4080

78,5155

9,40

3
4

45,5418

86,6377

83,0790

9,48

32,0635

58,5519

56,2286

9,61

5

31,2061

52,3794

50,5311

9,56

6

30,1067

39,2678

38,4330

10,03

7
8

32,2345
31,9393

53,6979
46,8192

51,7858
45,4780

9,78
9,91

9

30,1490

53,6744

51,5776

9,79

10

30,6366

64,9003

61,8021

9,94

11

36,4275

55,0784

50,4582

32,93

4.6.1.1
Results
The analysis of the results was performed using Excel. The mass of the beaker was
subtracted from the total masses before and after drying to determine the change in the
mass of bentonite. Using these values the water content of each sample according to
Equation (1) was calculated. The obtained values are presented in Table 3. Taking a mass
weighted average of the calculated water contents using the masses before drying as
weights yielded a water content of (9,65 ± 0,07)%.
The calculated water content of the 11th sample was 33%. The result is for a single sample,
and was used as a rough guideline for an achievable high water content.
4.6.1.2
Conclusions
The accuracy of the result was affected by the time between and during weighing the
samples where they absorbed some moisture from the laboratory air. At least the last two
decimals of the reading on the scale fluctuated during weighing and one of the appearing
values was written down. The fluctuations were possibly due to air currents over the sample
caused by the sample cooling down and gaining moisture from air. This method of drying
would be improved by having a lid on the container of each sample when it is outside of the
oven.
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4.7

Additional tasks

4.7.1

Drying Bara-Kade bentonite

For future experiments to study the effect of temperature on bentonite, about 13 kg of BaraKade powder was placed in a ventilated (flap 100%) drying oven to be kept in 105 degrees
Celsius for six months. A small amount of the powder was weighed into a beaker and put into
the oven as well to determine the drying during this time as in section 4.6.1. Detailed masses
concerning the sample are presented in Table 4.
Table 4. The readings of the scale for the masses of a beaker containing bentonite powder
using the Re-zero quality of the scale before putting into the oven.
Date
3.7.2020

Mass of beaker (g)
30,9331

Mass of bentonite (g)
38,6818

Total mass (g)
69,6154

The bentonite was put in the oven on 3.7.2020 at 17:00 and six months will have passed on
3.1.2021.
Four aluminum foil moulds filled with about 2,25 kg of bentonite each were stacked on one
shelf. The edges of the moulds were strengthened with iron wire. Two steel containers with
about 2,27 kg of bentonite were placed on one shelf.
4.7.2

Initial water content of Bara-Kade bentonite

Bara-Kade powder stored in the laboratory was dried to determine its water content. Six
samples were prepared by weighing into six labelled beakers. The samples were put into a
drying oven in 105°C for 24h, and weighed immediately after taking them out. The analysis to
determine the water content was performed as in section 4.6.1.1 and yielded a result (6,68 ±
0,08)% for the water content. All the weighed masses and the calculated water contents are
presented in Table 5.
Table 5. Mass readings of beakers and total masses of Bara-Kade samples before and after
being 24h in 105°C, and the water content calculated using Equation (1) and the tabulated
values.
Sample

Mass of beaker
(g)

Total initial mass
(g)

Total final mass
(g)

Water content
(%)

1

37,5673

55,3288

54,208

6,74

2

33,0312

56,8405

55,36

6,63

3

31,0622

51,6525

50,36

6,70

4

31,2291

55,1934

53,69

6,69

5

47,5032

88,558

85,98

6,70

6

47,7951

90,4766

87,81

6,66
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4.7.3

Saturation tests

The order of duration in saturation processes was roughly estimated with old desiccator
experiments. New samples of MX-80 bentonite were put in and taken out for mass
measurements which were done during work days at varying times of the day. The RHs can
be assumed to differ from the ones labelled on the desiccators due to the age of the
solutions, but were not verified. The measurements were not done more often than once a
day.
The data obtained from samples put in a desiccator labelled to an RH of 75% containing an
aqueous NaCl solution are presented in Figure 1 and Figure 2. Both samples were in similar
beakers so the layer of powder was thicker in the heavier sample.
The data obtained from samples put in a desiccator labelled to an RH of 100% containing
presumably distilled water are presented in Figure 3 and Figure 4. The heavier sample
formed about one to two cm layer of powder in a petri dish and the lighter sample was inside
a beaker.
Three new salt solutions (NaCl, LiCl and K2CO3) were made and put into previous
experimental wetting systems with air circulation. The increase in mass of water in bentonite
samples was monitored. A saturation curve obtained for a sample in a NaCl-solution box is
presented in Figure 5. The inconsistency in the curve between 10 and 15 days may be due
to the solution drying out over the weekend, but this was not documented. The mass begins
to show saturation after around 35 days.

NaCl-desiccator, sample 1
Mass of sample and beaker (g)

44,9
44,8
44,7
44,6
44,5
44,4
44,3
44,2
44,1
44
43,9

31.8.2020
29.8.2020
27.8.2020
25.8.2020
23.8.2020
21.8.2020
19.8.2020
17.8.2020
15.8.2020
13.8.2020
11.8.2020
9.8.2020
7.8.2020
5.8.2020
3.8.2020
1.8.2020
30.7.2020
28.7.2020
26.7.2020
24.7.2020
22.7.2020
20.7.2020
18.7.2020
16.7.2020
14.7.2020
12.7.2020
10.7.2020
8.7.2020
6.7.2020
4.7.2020
2.7.2020
30.6.2020
28.6.2020
26.6.2020
24.6.2020
22.6.2020
20.6.2020
18.6.2020
16.6.2020
14.6.2020
12.6.2020
10.6.2020
8.6.2020
6.6.2020
4.6.2020
2.6.2020
31.5.2020
29.5.2020

Date of measurement

Figure 1. The mass of a smaller sample inside a NaCl-desiccator as a function of date. The
data points may correspond to a different time of day on each date. The mass begins to
saturate after around one and a half months.

1.9.2020
30.8.2020
28.8.2020
26.8.2020
24.8.2020
22.8.2020
20.8.2020
18.8.2020
16.8.2020
14.8.2020
12.8.2020
10.8.2020
8.8.2020
6.8.2020
4.8.2020
2.8.2020
31.7.2020
29.7.2020
27.7.2020
25.7.2020
23.7.2020
21.7.2020
19.7.2020
17.7.2020
15.7.2020
13.7.2020
11.7.2020
9.7.2020
7.7.2020
5.7.2020
3.7.2020
1.7.2020
29.6.2020
27.6.2020
25.6.2020
23.6.2020
21.6.2020
19.6.2020
17.6.2020
15.6.2020
13.6.2020
11.6.2020
9.6.2020
7.6.2020
5.6.2020
3.6.2020
1.6.2020
30.5.2020
28.5.2020
62

61,5

61

60,5

60

59,5

59

Mass of bentonite and beaker (g)

66

65,5

65

64,5

64

Mass of sample and beaker (g)
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NaCl-desiccator, sample 2
66,5

63,5

Date of measurement

Figure 2. The mass of a heavier sample in a NaCl-desiccator as a function of date. The data
points may correspond to a different of day on each date. The mass begins to saturate after
around two months.

Water desiccator, sample 1
62,5

58,5

26.8.2020
24.8.2020
22.8.2020
20.8.2020
18.8.2020
16.8.2020
14.8.2020
12.8.2020
10.8.2020
8.8.2020
6.8.2020
4.8.2020
2.8.2020
31.7.2020
29.7.2020
27.7.2020
25.7.2020
23.7.2020
21.7.2020
19.7.2020
17.7.2020
15.7.2020
13.7.2020
11.7.2020
9.7.2020
7.7.2020
5.7.2020
3.7.2020
1.7.2020
29.6.2020
27.6.2020
25.6.2020
23.6.2020
21.6.2020
19.6.2020
17.6.2020
15.6.2020
13.6.2020
11.6.2020
9.6.2020
7.6.2020
5.6.2020
3.6.2020
1.6.2020
30.5.2020
28.5.2020
26.5.2020
24.5.2020

Date of measurement

Figure 3. The mass of a sample in a beaker put in a desiccator labelled to an RH of 100% as
a function of date. The data points may correspond to a different time of day on each date.
The mass is still increasing after about three months of saturation.
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Water desiccator, sample 2

Mass of bentonite and dish (g)

255
250
245
240
235
230
225

26.8.2020
24.8.2020
22.8.2020
20.8.2020
18.8.2020
16.8.2020
14.8.2020
12.8.2020
10.8.2020
8.8.2020
6.8.2020
4.8.2020
2.8.2020
31.7.2020
29.7.2020
27.7.2020
25.7.2020
23.7.2020
21.7.2020
19.7.2020
17.7.2020
15.7.2020
13.7.2020
11.7.2020
9.7.2020
7.7.2020
5.7.2020
3.7.2020
1.7.2020
29.6.2020
27.6.2020
25.6.2020
23.6.2020
21.6.2020
19.6.2020
17.6.2020
15.6.2020
13.6.2020
11.6.2020
9.6.2020
7.6.2020
5.6.2020
3.6.2020
1.6.2020
30.5.2020
28.5.2020
26.5.2020

Date of measurement

Figure 4. The mass of a sample on a petri dish put in a desiccator labelled to an RH of 100%
as a function of date. The data points may correspond to a different time of day on each
date. The mass is still increasing after about three months of saturation.

Mass change of a powder sample in NaCl-solution box

Cumulating mass change of sample (g)

2
1,8
1,6
1,4
1,2
1

0,8
0,6
0,4
0,2
0
0

5

10

15

20

25

30

35

40

Time (days)
Figure 5. The mass change of a sample in a NaCl-solution box. The powder was put inside a
beaker to a 3 cm layer.
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4.7.4

Relative humidity adjustment

A method for conducting a relative humidity (RH) adjustment for Vaisala HUMICAP Humidity
and Temperature Transmitter Series HMT330 sensor was tested. The adjustment of the
sensor can be done using two RH references, lithium chloride and sodium chloride. Options
for calibration include calibration at Vaisala and using a hand-held calibration device [17].
Instructions from the user’s manual of HMT330 [18] were followed for an RH adjustment
using push buttons and two RH references. Differing from the instructions the adjustment
button was pressed after the sensor had stabilized. Instead of using Vaisala HMK15
calibration kit, the RH chambers were 1000 ml wide-mouth plastic bottles. A suitable hole for
the sensor was made on an extra cap of the bottle to hold the sensor. Insulating tape was
wrapped around the stem of the sensor to seal the system. The sensor and the wire were
supported with a laboratory stand while the sensor was placed in the bottle.
The two RH reference solutions were made into matching bottles and used as chambers one
at a time. After the adjustment, the sensor was put into a similar bottle containing
supersaturated K2SO4 salt-water solution. The sensor started to eventually show RH
readings around the expected 97%, but no data was collected and the adjustment requires
more verification.
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5. Results
One of the results of the work are the work instructions that can be found in Appendix A.
The data obtained from monitoring of the saturation processes in each cabinet are presented
in Figure 6, Figure 7, Figure 8 and Figure 9. In the cases of cabinets containing NaCl, K2SO4
and K2CO3 solution the mass of the samples shows to increase. The mass of the sample in
the K2CO3 cabinet was expected to decrease. There is less data on the LiCl-cabinet sample,
but as can be seen in Figure 9 the last data points indicate a decrease in mass. The initial
increase in mass could be related to the weighing having taken too much time.

Sodium chloride solution (RH 75%) cabinet sample
Cumulating change in mass (g)

1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0
0

2

4

6

8

10

12

14

Time (days)

Figure 6. A graph presenting the increase in the mass of a saturation sample put in a
cabinet containing a supersaturated salt-water solution of NaCl. The changes in mass have
been calculated from regular weighing of the sample.
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Potassium carbonate solution (RH 43%) cabinet sample
Cumulating change in mass (g)

0,25
0,2
0,15
0,1
0,05
0
0

2

4

6

8

10

12

14

Time (days)

Figure 7. A graph presenting the increase in the mass of a saturation sample put in a cabinet
containing a supersaturated salt-water solution of K2CO3. The changes in mass have been
calculated from regular weighing of the sample.

Potassium sulphate solution (RH 97%) cabinet sample
Cumulating change in mass (g)

1,6
1,4
1,2
1
0,8
0,6
0,4
0,2
0
0

2

4

6

8

10

12

14

Time (days)

Figure 8. A graph presenting the increase in the mass of a saturation sample put in a cabinet
containing a supersaturated salt-water solution of K2SO4. The changes in mass have been
calculated from regular weighing of the sample.
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Lithium chloride (RH 11%) cabinet sample

Cumulating cahnge in mass (g)

0,004
0,002
0
0

1

2

3

4

5

6

7

-0,002
-0,004
-0,006
-0,008

Time (days)

Figure 9. A graph presenting the eventual decrease in the mass of a saturation sample put in
a cabinet containing supersaturated salt-water solutions of LiCl. The changes in mass have
been calculated from regular weighing of the sample.

6. Conclusions
The final wetting system consists of four desiccator cabinets, which were set up for four salt
solutions: LiCl, K2CO3, NaCl and K2SO4. The saturation rate is shown in the obtained curves.
Instructions for using the system were written. The systematic instruction for the frequency
and quantity of water additions or replacements of new salt solutions should be added to
them.
Before the experiment, the RH over the potassium carbonate solution was expected to dry
the powder but wetting of the powder occurred instead. This was caused by the water
content of the storaged powder being lower than it would be in room conditions. The initial
water content of Bara-Kade bentonite put inside the cabinets was also lower compared to the
one of MX-80 bentonite that was used in planning of the experiment.
Improvements to the system could be done by placing the cabinets to a more suitable height
for easier handling of the contents and by making the water loss monitoring system of the
solutions more precise.

6.1

Summarised conclusions from smaller tasks



Saturation curves for MX-80 bentonite samples of various masses suggested that the
saturation time in higher RHs is in the order of months.



The stored Bara-Kade bentonite had a smaller water content compared to the one of
MX-80 used as an initial water content in planning of the system.
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7. Further actions


Continuing the monitoring of saturation and maintaining the salt solutions in each
cabinet.



Improving water addition to the solutions and replacing aluminium moulds with
reusable dishes.



Determining the water content achieved in each cabinet by drying samples.



Further improving the system.
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Work instructions
This appendix includes an ordered list of work stages to work accordingly.

Before putting into operation
Equipment and materials of the setup:


SICCO Star-Vitrum-Desiccator with four extra shelves per an RH. Each cabinet
comes with four shelves, a mounted hygrometer and a tray for silica gel, which
functions here as a tray for the salt solution.



13-14 kg of bentonite clay (stored in laboratory RH) of the desired clay material
(about 13,61 kg in this experiment) per each cabinet (for four cabinets 52-56 kg in
total).



Eight aluminium moulds (dimensions about 6 x 26 x 32 cm) per each cabinet (32 per
four cabinets). The sides of the mould should be folded beforehand so that they are
about four centimetres high.



A scale for weighing bentonite into each mould, which should weigh around 1,7 kg
when filled.



A ruler for checking the thickness of the powder inside the mould.



A small bucket for batching the powder.



A tool to even out the bentonite surface. Could be a spatula or even a petri dish.



Two small beakers (e.g. 50 ml) with a height of 5 cm at maximum per cabinet.



Measurement sticks for the solutions prepared from non-hygroscopic salts. The sticks
can be cut from disposable tweezers, for example.



Sterile syringes (60 ml or slightly bigger)



Supersaturated salt-water solutions

Equipment and materials in the preparation of the salt solutions


Materials: desired salts in powder form and deionized or distilled water. Here
deionized water is used.



1000 ml VWR High-Density Polyethylene Wide Mouth Bottle for each salt solution.



Funnels with a fairly wide shaft and that fit the bottle.



A wash bottle.



Measurement cylinders.



Chemical spoons (note that metallic ones may not suit all salts).



Useful laboratory equipment to have in hand: glass rods, petri dishes, beakers.
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The beforehand preparation of salt solutions is shortly listed here. A more detailed
description is in section A3.
1. Cleanse equipment. Pay special attention to the ones used with salts and deionized
water and as a last step, rinse them with deionized water using a wash bottle.
2. Prepare the salt solutions in separate closed containers as instructed in section A3
and mix well.

Listed work stages
In this section it is assumed that all equipment are provided and ready and the salt solutions
are readily prepared into separate bottles. The fitting of the aluminium moulds on the shelves
should be checked beforehand. The following are instructions for putting one cabinet into
operation. Read the instructions through entirely before following them.
1. Pouring the solution into the final tray:
a. For solutions with ≤100 ml of water:
i. Carefully pour the solution into the final tray and stir the solution with
e.g. a glass rod.
ii. Place the filled tray inside the cabinet. Make sure that this can be done
without spilling the solution.
b. For solutions with >100 ml of water when there is a risk to spill the solution by
moving the tray around:
i. Place the tray into its place inside the cabinet with no shelves installed.
ii. Carefully pour the solution into the tray inside the cabinet and stir the
solution with, for example, a glass rod.
iii. Cover the solution with a lid of some sort and carefully install the
shelves starting from the bottom one and lastly, take off the cover.
2. Follow the instructions below separately for solutions made of hygroscopic and nonhygroscopic salts. These procedures are done to monitor the concentration of the
solutions.
a. Solutions with non-hygroscopic salt
i. Place a measurement rod on the edge of the tray and write down
where the surface of the solution sets when on a horizontal plane. This
surface height should not be exceeded when water is added to the
solution during saturation.
b.

Solutions with hygroscopic salt
i. Weigh the tray and the solution and write down the total mass. The
mass is monitored to see whether the solution has gained so much
water that it is no longer supersaturated.

3. Place the tray into the cabinet, if not already inside, and close the door.
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4. Cover the salt solution with a lid while placing the moulds on the shelves. Keep the
cover on in cases where the powder might enter the solution.
5. Weigh about 1,7 kg of bentonite powder on an aluminium mould and spread an even
layer. Put the filled aluminium mould into the cabinet starting from the bottom shelf.
Hold the filled mould with both hands on the longer sides. Prepare eight filled moulds
for each cabinet.
6. Label and weigh two small beakers and write down the values of their masses. Put a
3 cm layer of bentonite powder into each one. Weigh them and write down their total
masses and place them immediately into the topmost shelf of the cabinet.
7. Begin regular bookkeeping on the saturation of one of the samples: Take it out and
weigh immediately. Write down the mass, date and time (also to an Excel-file). Put
the sample back inside after weighing.
8. Check the changed concentration of the solutions by eyeing and/or weighing them.
Water needs to be added more frequently to water-losing solutions in the beginning.
9. Adding water:
a. Fill a desired amount of deionized water into a sterile syringe.
b. Open the door of the cabinet and empty the syringe into the solution without
exceeding the maximum surface height determined by the measurement rod.
c. Mark the time and quantity of the water addition onto a log.
10. Completion of saturation/equilibrium inside the cabinet has been reached:
a. Indicating signs are that the mass of the saturation sample no longer changes
and the hygrometer displays the expected RH related to the salt solution (if it
is inside the RH range of the hygrometer).
11. Handle the shelves and filled aluminium moulds carefully after the saturation.

Preparation of salt solutions
Note: Preparation of only four salt solutions (K2SO4, NaCl, K2CO3 and LiCl) of all 11 chosen
to provide the RH range was tested. The best way to prepare a specific salt-water solution
out of the remaining may differ from the tested ones. The instructions are given partly based
on observations during testing.
Salt-water solutions were first made into bottles or jars and later poured onto flat dishes
(silica trays) that were placed in the cabinet. Preparing the solutions into bottles/jars is
instructed here.
The minimum set of equipment include an analysis scale, 1000 ml or 500 ml VWR HighDensity Polyethylene Wide Mouth Bottles, chemical spoons, a wash bottle, glass rods and
measurement cylinders. Other useful equipment are funnels, petri dishes and beakers.
A wide opening of a bottle enables that the salt can also be dosed and weighed straight into
the bottle without a funnel if done carefully. Doing so minimizes the amount of equipment
required when there is no need for a funnel or a separate dish for weighing salt.
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Safety considerations
Follow the safety instructions and responsibilities in your work place and familiarize with the
Safety Data Sheets of each chemical before handling them. This section points out the
common instructions considering the salts found in the data sheets. General protection is to
wear a laboratory coat, working shoes, goggles and protective gloves, but additional and
more precise safety precautions should be adopted from safety data sheets.

Preparation of K2SO4 and NaCl
Potassium sulphate and sodium chloride were found similar in terms of preparing the
solutions. They can be prepared into the bottles in advance because the solution and the
sludge glides out easily.
1. Measure the desired amount of deionized water into a wash bottle using for example
a measurement cylinder.
2. Tare the scale with the bottle and funnel on top. If possible, keep the bottle on top of
the scale during weighing. If not, weigh the bottle on the scale occasionally in
between dosing. Dose the salt with a chemical spoon into the bottle through a funnel,
if the opening of the bottle is not wide enough.
3. After the bottle contains the desired amount of salt, add the water in parts from the
filled wash bottle. Start by washing the salt residue left on the spoon by directing it
into the solution. Next, do the same for the residue on the funnel. Take the funnel off
and mix the solution by spinning the bottom of the bottle. Do so in between adding
the water.
4. After adding all the water from the wash bottle, close the cap and mix the solution
well.
5. Label the date of preparation and all the required information about the contents on
the bottle.

Preparation of K2CO3 and LiCl
Potassium carbonate and lithium chloride are hygroscopic and heat up when water is added
into the salt. The solutions made of salts with higher solubility end up having a higher
concentration of salt, when the concentration is determined by multiplying solubility by 1,5.
1. Measure the salt with a spoon.
a. Note 1: Metal equipment are unsuitable with potassium carbonate [19]. Use a
plastic spoon instead.
b. Note 2: Prepare the potassium carbonate solution entirely under a fume hood
or in a well-ventilated area.
2. Place the bottle containing the dry salt into a shallow cold water bath. Gradually direct
the water into the salt bottle with a wash bottle while dissolving the residue salt on the
equipment into the bottle. Practice caution and observe how the solution heats up
during the process.
3. Gradually add water and stir the solution using a glass rod or twirl the bottom of the
bottle. Take breaks in adding the water if necessary due to the heating.
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4. Close the bottle carefully and twirl the bottom of the bottle keeping it in an upright
position. Whenever the solution heats up, place it back in the bath.
Note: When testing the preparation of LiCl solution this way, the salt was observed to form
clumps during water addition instead of dissolving into the water. Adding too little water in
between mixing or preparing the solution under a fume hood may be the causes.

Adding water to the system
Depending on the salt and RH, the solution loses water into the clay and air during
saturation. To prevent having to make an impractically large volume of a solution, water is
added during the process to avoid the solution from drying. The solution should never
completely dry up. This will not occur with the low-RH solutions which absorb moisture and
no water is added. The procedure for water additions is instructed here.
When the solution appears to be close to drying up, carefully add water up to the marked
maximum height using a syringe. Note that doing the water addition this way was found
difficult as discussed in Lessons learned. Table 6 shows guidelines for the volumes and
concentrations of the solutions based on the logic presented in section 4.3.7. Exact
measures for the water addition are not given here.
Table 6. Instructive amounts of salt and water tabulated to prepare a supersaturated saltwater solution of practical volume. The masses of salts are calculated using the solubility
values presented in Table 1 multiplied by 1.5 and adjusted to the volume of water. The
values are rounded.
Salt

Volume of H2O [ml]

Mass of salt [g] (20°C)

K2SO4
KNO3

250
250

42
120

KCl
NaCl

250

130

250
100

134

NaBr
Mg(NO3)2

100

136
63

K2CO3

100

168

MgCl2

100
50

70

CH3COOK
LiCl

100

190
125

50

112

LiBr

Table 7. Approximate initial concentrations of salt and water put into the four solutions and
the observed need to add water.
Salt

Volume of H2O [ml]

Mass of salt [g]

Water addition

K2SO4
NaCl

250

42

yes

260

136

yes

K2CO3

100

169

yes

LiCl

100

125

no

RESEARCH REPORT VTT-R-01085-20
30 (31)

Excel document for calculation of passed hours

Figure 10: A picture of the calculation of passed time as hours in the saturation process in
the column called Saturation time (h). The colors indicate the corresponding cells in the
calculation of the active cell.
The column Saturation time (h) counts the time since a sample was put in a chamber to
saturate. The first row is set to zero and corresponds to the initial mass indicated by the first
row of column m1(tot). The columns hour and minutes indicate the time of the measurement.
The column time is calculated as hour plus minutes divided by 60. From the first row forward
the saturation time is a sum of the saturation time at the time of the last measurement, the
days in between the last measurement time (if more than one) and the hours left of the day
from the last measurement and passed on the day of the corresponding measurement.
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Bookkeeping Word-sheet examples
C1.

Monitoring saturation

Salt:

Sample:

V0(H2O):

m(dish):

m(salt):

m0(powder):

1

2

m1(tot)

m2(tot)

m0(tot):
Date

C2.
Salt:
V0(H2O):
m(salt):
Date

C3.
Date

Time

Sat. time (h)

Comments

Water addition log

Time

V(H2O, added)

Comments

Values from mounted hygrometer
Time

Current

MAX

MIN

Comments

