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Abstract: Much scientific equipment requires the use of humidity control technologies. This includes
instruments with hygroscopic optics, such as infrared spectrometers, OPOs and some lasers. The
most common strategies include nitrogen purging or desiccant bag replacement, which involve main-
tenance and running costs. In this work we present a dual strategy, combining both ionic membranes
and silica desiccant, which results in a reusable and maintenance-free scheme for humidity control.
The desiccant action of the silica gels, the membrane, and combinations thereafter, are studied. It
is shown that the combination of the silica gel desiccants and the membrane is the most efficient
configuration, reducing the humidity from 73% to only 15% in 20 h in a 70 L volume and from 80% to
20% in 40 h in a 230 L volume. An experiment over 5 days showed that the status of the silica gel
desiccants that had adsorbed high water vapor levels returned to normal after they were enclosed
together with the ionic membrane in the 70 L volume. Finally, measurements taken by a commercial
infrared spectrometer of the reduction in the H,O lines absorption in the mid-infrared region under
the operation of the combined configuration are examined. It was demonstrated that H,O lines with
low to moderate absorption almost disappeared when the humidity levels inside the spectrometer
dropped from 42.5% to 15.1% in the span of 90 min, while lines with stronger absorption remained
present even though they showed the highest percentage of change.
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1. Introduction

The need for air dehumidification for the preservation of art, products and equipment
in different industries has led to the development of various dehumidifying mechanisms
over the past few years [1-8]. Many dehumidification technologies are bulky, energy-
inefficient or noisy, and they cannot be used with precision equipment that requires a
small footprint and noise-free operation. An example of this kind of equipment is a
Fourier-transform infrared (FTIR) spectrometer [9].

Most commercial FTIR spectrometers use hygroscopic materials such as potassium
bromide (KBr), which can degrade very quickly in high humidity environments if no
dehumidifying mechanism is present [10]. Water vapor absorption can also interfere with
the spectral measurements of these instruments and introduce noise [11]. At the same time,
the dehumidifier is not allowed to produce high-frequency noise or vibrations that would
result in distortions in the measured FTIR spectra.

The most common and affordable solution for this kind of equipment is the use of
silica gel desiccants [12-16], which can also be found in electronics, clothes, and food
products. Silica gel desiccants are non-toxic small beads, whose composition is mostly
silicon dioxide with a porous structure, offering a large adsorption area. They can be
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packed in a confined space and adsorb the surrounding moisture. The drawback of such a
configuration is the short “lifetime” of the silica gel desiccants, which leads to the need for
continuous monitoring of their condition and the need for frequent replacement once they
are saturated with moisture.

Several other compact and noiseless materials and devices with similar or advanced
moisture-removing properties have been reported. These include hygroscopic salts in-
tegrated in porous structures, 2D nanosheets of metal-organic frameworks (MOF) and
hydrophilic sponges composed of rigid gel and hygroscopic materials [17-19]. While hy-
groscopic salts integrated in porous structures face engineering challenges in the context of
maximizing dehumidification performance, devices based on 2D MOF nanosheets show
great promise due to their effective adsorption and their ease of fabrication. On the other
hand, hydrophilic sponges not only exhibit high humidity-capturing capacities, but they
can also act as visual humidity sensors, due to their color changing ability in different
humidity levels. The latter property is also a feature of silica gels. Nevertheless, these
technologies still experience difficulties in mass adaptation, and they are a field of ongoing
research. Moreover, they still require dehydration or substitution after excessive use.

An alternative technology that has attracted increasing interest in the past few years
is ionic membranes [20-27]. These devices work based on electrolysis, and they typically
comprise a proton-conductive electrolytic layer sandwiched between two porous electrodes
with catalytic layers composed of noble metal particles. The electrolytic layer can be
ceramics (i.e., SrCeO3) [28] or polymer composites (i.e., Nafion117 and NEXAR®, Kraton
Polymers Llc., Houston, TX, USA) [29-31]. As shown in Figure 1a, when a DC voltage
is applied to the electrodes, the water vapor in the dehumidifying anode side boundary
is decomposed into H* cations and O,. The H* cations pass through the electrolytic
layer and recombine with O, molecules in the humidifying cathode side boundary to
form HyO. The reactions that occur at the boundaries of the two electrode sides are given
by the following equations:

Anode—2H,0 — 4H" +4e 1 + O, (1)
Cathode—4H" + 4e~ ! + O, — 2H,0 2)
(a) (b)
Dehumidifying side Humidifying side
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Figure 1. (a) Ionic membrane operating principle. (b) Schematic setup of the humidity experiments
in airtight boxes.

In general, ionic membranes provide vibration- and maintenance-free operation, com-
pact sizes, long operating lives and low power consumption. However, they still require a
power supply, which makes them vulnerable to electrical failure. In this work, a combi-
nation of the ionic membrane and the silica gel desiccants is proposed, which can extend
the lifetime of the membrane even further, remove the need for the replacement of the
desiccants due to the drying effect of the ionic membrane, and protect the equipment
from potential power outages as well as during instrument transportation, since the ionic
membranes need an applied voltage to operate.
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2. Materials and Methods
2.1. Humidity Control Experiments in Airtight Boxes

To test the proposed configuration, the experimental setup of Figure 1b was imple-
mented. In an airtight confined box volume, an ionic membrane was attached to its wall,
while silica gel desiccants bags were placed in 3D-printed columns attached to the cover of
the box. The insertion of the desiccant in the box could be achieved quickly by opening the
caps of the columns without opening the lid of the whole box, thus minimizing humidity
level variations inside it. The humidity inside the box was increased externally using a
humidifier through a tube that was attached to a side of the box, and it was sealed by a
valve when the desired humidity had been reached. The humidity and the temperature
inside the box were monitored by a USB-powered sensor with 0.1% resolution, and the
results were plotted in real time.

Two boxes were used for the experiments. The first one was a commercial 70 L airtight
plastic box from IRISS-OHYAMA while the second one was a 230 L in-house-built box made
from Perspex material. The two boxes are shown in Figure 2a,b, respectively. The 230 L
box was covered with a copper mesh for future developments, and it is not relevant to this
experiment. The 230 L box was sealed with RTV silicone sealant, which was cured and
outgassed for 2 weeks before installing the membrane and initiating the experiments. For
the 70 L box, two columns of 0.33 L were filled with silica gel desiccants, while for the 230 L,
four columns were used. The ionic membrane (model M-5J1R, dehumidifying capacity:
8 g/day) was purchased from Westside International Ltd. (Oxford, UK) and powered with
a BWM3.35X-U1A power supply. The ionic membranes from Westside International Ltd.
make use of a solid-state polymer as the electrolytic layer. The A DUAL 200S humidifier
from LEVOIT was used to increase the humidity in the two boxes. The humidity and the
temperature were recorded and logged using a TSPO1 sensor from Thorlabs.

(@) (b)

Figure 2. (a) The 70 L airtight box; (b) 230 L airtight box.

The dehumidifying ability of the silica gel desiccants, the ionic membrane and their
combination was investigated in separate experiments. For the 70 L box, two initial
humidity regimes were studied. The first experiments were conducted with low initial
humidity levels (34-43%), achieved without the use of the humidifier, over a span of 20 h
for each configuration. Next, high initial humidity levels were used, by increasing the
humidity to approximately 73% and then turning the humidifier off. For the 230 L box, the
initial humidity levels were close to 80% and measurements were conducted for all three
configurations over the span of 40 h.
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2.2. Humidity Control Experiments in Spectroscopic Equipment

To test the efficiency of the strategy when applied to optical equipment, further
experiments were carried out within a Fourier transform infrared (FTIR) spectrometer.
Here, the absorption of the H,O molecules was monitored as the humidity inside the
instrument was reduced by the operation of the membrane and the silica desiccant gels.
The FTIR spectrometer was an IR5 model from Edinburgh Instruments Ltd. (Figure 3). The
spectrometer was operated in the mid-infrared region (4000-400 cm ') and it incorporated
a beamsplitter with KBr substrate. The instrument was covered with a 35.2 L acrylic box
that kept it airtight. A 0.2 L tube was placed in the sample compartment of the instrument,
and this was used to connect the 35.2 L volume of the acrylic box and isolate it from the
ambient environment, resulting in a total airtight volume of 35.4 L for the experiment.
The IR5 spectrometer makes use of an M-3]1R membrane from Westside International
Ltd. that can dehumidify 4 g/day and three 0.1 L silica desiccant columns/bags. The
humidity inside the spectrometer was increased to initial values of 40-43% by placing it in
a controlled humidity chamber. The humid air was inserted inside the spectrometer with
the help of fans from the top of the box, which was sealed after the required humidity level
was achieved. Higher humidities were not used to avoid damage to the hygroscopic KBr
substrate. The humidity and the temperature inside the spectrometer were again monitored
using a TSPO1 sensor from Thorlabs.

Figure 3. FTIR spectroscopic setup.

3. Results and Discussion
3.1. Humidity Control Experiments in Airtight Boxes

Results of the dehumidifying performance of the aforementioned configurations at
low initial humidity levels in the 70 L airtight box are given in Figure 4a, along with the
corresponding temperature conditions inside the box. As can be seen from this graph,
the humidity levels with the two desiccant bags and the ionic membrane configurations
started at around 33% and after 20 h were reduced to around 12.9% and 4.2%, respectively.
It took around 6 h for them to reach a stable humidity. After 10 h, the humidity increased
slightly, which can be explained by the temperature increase, which caused the silica
gel desiccants to release some of their adsorbed water (the room temperature was not
controlled to replicate real operation conditions). When the combination of membrane and
the two desiccant bags was used, the dehumidification rate was much faster than that of
the ionic membrane or the silica gel desiccants alone. In just 2 h, the humidity decreased
from 43% to 13%. After 20 h, the final humidity level was close to 6%, slightly higher than
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that of the ionic membrane configuration (4.2%). Again, this can be attributed to the release
of some moisture from the desiccants due to the temperature increment. When using
one silica gel bag, this was found to saturate at higher humidity levels than when using
two bags: 18.6% and 12.9%, respectively. By just doubling the silica gel desiccant volume,
the dehumidifying rate was significantly improved.

70 L Box
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Figure 4. Relative humidity and temperature in the 70 L airtight box. (a) Starting at low humidity
levels for 1 desiccant bag, 2 desiccant bags, the ionic membrane alone and the combination of the ionic
membrane and 2 desiccant bags. (b) Starting at elevated humidity levels, for the ionic membrane
alone and the combination of the ionic membrane and 2 desiccant bags.

Figure 4b presents the performance of the 70 L box when starting at higher humidity
levels. Starting from 72.4%, the combined configuration reduced the humidity to 22.3% in
only 2 h, compared to 33% for the ionic membrane alone, a 1.5-fold better performance.
The humidity levels after 20 h were similar—15% and 16%, respectively. In contrast to the
previous experiment, the final humidity levels of the combined configuration were lower
compared to the ionic membrane, probably due to the fact that the temperature level did
not fluctuate as much.

The results from an experiment involving drying using desiccants in a 70 L box with
an ionic membrane are shown in Figure 5. The new dry desiccant beads were orange
(Figure 5a). After exposure to humidity, they turned dark brown and green, which indi-
cated high levels of hydration (Figure 5b). After 5 days enclosure in the 70 L box with the
membrane on, these dark beads turned orange again (Figure 5c). The combined config-
uration provides not only superior dehumidifying performance, but also a reusable and
maintenance-free solution, since the silica desiccant gel bags do not need to be replaced.
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Figure 5. (a) Brand new silica gel desiccant (for comparison). (b) Silica gel desiccant exposed to
humidity. (c) Same desiccant after being enclosed in a 70 L airtight box with the ionic membrane
for 5 days.

Next, the dehumidifying performance was evaluated in a larger volume, using a
230 L airtight box (Figure 6). In this case, the four desiccant bags performed better than
the ionic membrane, both in terms of their faster dehumidifying rate and final humidity
levels (31.1% and 24.5%, respectively, after 40 h of operation). Again, the combined
configuration outperformed the others, reaching a final humidity level of 19.6%. The
use of a stronger off-the-shelf commercial ionic membrane (i.e., M-7]J1R or M-10J1R, from
Westside International Ltd.) should allow for an even better control of the humidity with
just a small increase in the cost. More specifically, the M-7J1R can dehumidify 16 g/day
while the M-10J1R can dehumidify 29 g/day, according to the information provided by
Westside International Ltd.
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Figure 6. Relative humidity and temperature in the 230 L airtight box at elevated initial humidity
levels for 4 desiccant column bags, the ionic membrane alone and the combination of the ionic
membrane and 4 desiccant bags.
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The trend of the humidity in the airtight boxes under the influence of silica desiccants
or/and membrane with time resembles an exponential decay, and it can be modeled as:

f=ae P +c (3)

where a is the amplitude of the exponential term, b is the decay rate and c is the value
that the exponential decay will reach at infinity. The lifetime (7) is the inverse of the decay
rates, and it represents the time required for the function to be decreased by 1/e factor.
The half-life t; /, = TIn2 is the time required for the function to reach half its initial value.
Since b, T and t;,, can be directly derived from each other, only one parameter needs
to be mentioned. For the rest of the article, only t;,, will be mentioned, but the other
two measured parameters can also be found in the tables below.

The exponential decay fittings for the data from Figures 4b and 6 are given in Table 1.
The R? values of the fit are close to 1, which indicates the function matches the measured
data. By observing the T and t; /» values of the exponential term, it can be verified that the
combined operation of the desiccants and the membrane yielded a better performance. For
the 70 L box, the t; /, value was approximately halved from 1.27 h to 0.67 h. The plateau
value c for the combined configuration was also slightly decreased from 15.7% RH to 15%
RH. The combined configuration also decreased the T and t; /, values compared to the
four silica desiccant columns/bags for the 230 L box experiment, but the change was not
significant. More specifically, t;/, dropped from 3.01 h to 2.97 h. The c value decreased
from 26.9% RH to 22% RH. In the case of the stand-alone operation of the membrane in the
230 L box, the t; /» value was quite high, at 10.75 h, while the ¢ value was calculated to be
26.9, the same value as in the case of the four-desiccant-bag configuration. The performance
of the membrane in the 230 L box could have been affected by the remaining RTV silica
sealant products, even though it was left to outgas for 2 weeks.

Table 1. Exponential decay fitting parameters for the data from Figures 3b and 5. The time units are
in hours.

70 L Box-High Humidity

230 L Box-High Humidity

Membrane Membl:ane & 2 Silica 4 Silica Desiccant Membrane Membl:ane & 4 Silica
Desiccant Bags Bags Desiccant Bags

R? 0.947 0.981 0.978 0.998 0.968
55.4 53.1 46.7 49.6 47.5

b 0.546 1.029 0.231 0.065 0.233
c 15.7 15 26.9 26.9 22
T 1.83 0.97 4.34 15.5 4.29

T1/2 1.27 0.67 3.01 10.75 297

3.2. Humidity Control Experiments in Spectroscopic Equipment

The humidity and temperature profiles inside the IR5 FTIR spectrometer are given
in Figure 7, while the exponential decay fitting parameters of the humidity curves for
the three dehumidifying configurations are given in Table 2. Starting from a humidity
level of around 40-43%, the combined configuration decreased the humidity to around
15%, while the desiccant bags and the membrane reached only 19% and 22%, respectively,
with the exponential fit predicting values of c of 14.2% RH, 17.6% RH and 20.8% RH for
the three configurations. Again, the combined configuration can not only secure lower
humidity levels, but it is also faster, reaching its half value compared to its plateau in
21.21 min. In this experiment, the membrane configuration was also slower compared to
the three-desiccant-bag configuration, at t; ,, = 26.87 min, compared to t; /» = 24.29 min.
The temperature inside the 35.4 L volume was kept relatively stable at 21-23 °C over
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the span of 90 min despite the continuous operation of the silicon carbide light source of
the spectrometer.

IR5 FTIR Spectrometer 35.4 L

50 T T . 30
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~40 - ¥ °
I ‘ =
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Figure 7. Relative humidity and temperature in the IR5 FTIR spectrometer over the span of 90 min
for the silica desiccants, the ionic membrane and the combination of the ionic membrane and the
silica desiccants.

Table 2. Exponential decay fitting parameters for the data from Figure 6. The time units are in minutes.

IR5 FTIR SPECTROMETER
3 Silica Desiccant Bags Membrane Megl;r;rclaen&t:;asgi:ica
R? 1 0.999 0.999
223 18.8 28

b 0.028 0.026 0.033
c 17.6 20.8 14.2
T 35.34 38.76 30.6
T1/2 24.49 26.87 21.21

Figure 8 shows the background spectrum of the air-tight IR5 FTIR spectrometer in the
4000-1000 cm ! region at two different internal relative humidity levels, with a maximum
resolution setting of 0.5 cm~!. In red, the spectrum with 42.5% RH humidity, before
applying dehumidifying strategies, is shown. In blue, we give the spectrum at 15.1% RH
after using the combined dehumidifying configuration incorporating the M-3J1R and the
three desiccant bags sized 0.1 L each. These spectra show the absorption lines of the H,O
and CO, atmospheric gases that were present in the optical path of the infrared beam
before it reached the detector. The absorption lines around 3700 cm ! (stretching modes)
and 1500 cm~! (bending modes) correspond to H,O absorption, while the lines around
2350 cm~! correspond to CO, absorption (asymmetric stretching mode).

The H,O absorption lines were greatly reduced at 15.1% RH, but they remained present
in different spectral regions. While the weak absorption lines between 3500-3000 cm ™!
and 2000-1900 cm ! almost disappeared, the stronger ones between 3900-3600 cm ! and
1800-1400 cm ! remained. Nevertheless, the stronger absorption lines are the ones that
appear to show the highest percentage change. This can be seen in Figure 9, where the
percentage change of the H,O absorption lines is plotted as a function of their wavenumbers.
More specifically, the peak near 1652.93 cm~! shows a 95% relative change, while the
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weak peak near 2090.23 cm ™! has only a 3% relative change. The percentage change was
calculated as 100 x (y(15.12%) — y(42.5%))/y(15.12%)).

1

Single beam spectrum at 0.5 cm™ resolution

; —Relative Humidty 42.5%
400 |_Relative Humidity 15.1%
) [
<.300 D
2
% [Stretching Modes
oy [ co,
o 200 - Streching Modes
D
=
(D L
100
H,0
Bending Modes|
O 1 1 1 | 1
4000 3500 3000 2500 2000 1500 1000

Wavenumbers [cm'1]

Figure 8. Background spectrum in the 4000-500 cm ™! region of the air-tight IR5 FTIR spectrometer
for values of 42.5% and 15.1% internal relative humidity.

Percentage change of the HZO absorption lines from 15.1% to 45.2% relative humidity
M0 7 T

80

60

40+

Percentage Change [%]

20!

0 - P o y
4000 3500 3000 2500 2000 1500 1000

Wavenumbers [cm'1]

Figure 9. Percentage change of the H,O absorption lines from 15.1% to 45.2% relative humidity inside
the IR5 FTIR spectrometer.

The above results indicate that even though the combined configuration can reduce
the water lines” absorption substantially, which reduces the noise in the spectrum, it is
not eliminated. Since only the water absorption in the beam path inside the spectrometer
matters, it is preferable for manufacturers to keep it as short as possible. To completely
eliminate the effects of the environment, the user should purge both the spectrometer
and the sample compartment (i.e., with nitrogen), or make use of advanced algorithms to
compensate for H,O and CO, absorption [32].

4. Conclusions

In this work, the dehumidifying performance of silica desiccant gel, an ionic mem-
brane, and their combination was examined in volumes of 35.4 L, 70 L and 230 L. In all the
scenarios, the combined configuration was able to reduce the humidity levels faster, and
also sustain the decay trend irrespective of temperature changes. Furthermore, the ionic
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membrane acted not only as an extra dehumidifying agent, but it also dried the desiccant.
More specifically, hydrated silica gel desiccant beads were almost returned to their initial
dry condition after being enclosed for 5 days in the 70 L volume with an ionic membrane.
This configuration can be employed as part of a reusable maintenance-free method to
protect equipment from moisture and prevent damage to hygroscopic materials. The latter
case is of particular importance for instruments that operate in the infrared region and
make use of materials like KBr. Lastly, it has been demonstrated that this configuration
can be used to reduce the effect of water absorption on sealed spectroscopic equipment,
resulting in lower noise levels in the spectral regions where water absorption occurs.
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