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Abstract

Liquid desiccant technology is a promising energy-efficient alternative
to conventional temperature and humidity control systems. In the
quest to identify the optimal fluid for liquid desiccant systems,
alternative desiccant solutions have been explored in terms of their
feasibility and compatibility in dehumidification systems. This study
proposes and characterises a new type of less expensive mixture of
potassium formate (HCO;K) and 1-ethyl-3-methylimidazolium
acetate ([EMIM][OAC]). This novel desiccant solution was investigated
in terms of corrosiveness to metals, moisture absorption and
desorption ability, cost-effectiveness compared to conventional
desiccant solutions. The corrosiveness of desiccant solutions to
copper-nickel, copper and steel was tested at room temperature and
at 60 °C. Experiments were conducted in a climatic chamber with
temperatures of 25-31 °C and relative humidities of 80-90% for the
absorption process and temperatures of 50-70 °C and relative
humidities of 20-30% for the desorption process to assess the
moisture absorption and desorption capacities and mass fraction
variations of the desiccant solutions. The mixed desiccant of
HCO:K/[EMIM][OAc] in the ratio 60/10% wt. showed a moisture
absorption capacity of 0.146 gh20/gsol (compared to 0.18 gh20/gsol for
aqueous lithium chloride at 33.3% wt.) for a temperature and relative
humidity of the climatic chamber of 25 °C and 90%, respectively. Its
low corrosiveness, good moisture absorption and desorption
capacity and higher cost-effectiveness make it a promising
alternative to conventional desiccants, such as aqueous solutions of
lithium chloride.
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1. Introduction

Due to the rapidly growing energy demand and environmental
concerns caused by conventional refrigerants, the development of
energy-saving and environmentally friendly air-conditioning systems
has become a priority. Liquid desiccant represents one of the promising
alternative technologies for temperature and humidity control that can
be integrated with low-grade heat, such as low-temperature renewable
heat and excess heat from industrial processes or power plants [1-3].

Due to their high affinity to water vapour, liquid desiccant solutions can
absorb water contained in the air. This process is called absorption, in
which water molecules are absorbed by the mass of the liquid desiccant
solution. The absorption process is characterised by the complete
integration of a substance into another [4]. The main driving force of
the absorption process of dehumidification is the difference in water
vapour pressure between the surface of the desiccant solutions and the
actual partial pressure of water molecules in the air, although other
factors, such as the solution and air flow rates and the wetting of
the air-solution contact surface, play a secondary role in the
dehumidification process [5]. The origin of liquid desiccant cooling and
dehumidification can be traced back to 1955 when the first liquid
desiccant air-conditioning system was introduced using tri-ethylene
glycol (TEG) for dehumidification driven by solar energy [6]. Multiple
parameters impact the selection of the optimal desiccant solution,
including equilibrium vapour pressure, boiling point, energy storage
density, regeneration temperature, thermo-physical properties and
cost [7]. Aqueous solutions of metal halide salts, including lithium
chloride (LiCl), calcium chloride (CaCl;) and magnesium chloride (MgCl.),
have been largely tested and investigated as conventional working
fluids in liquid desiccant systems, each with its own benefits and
drawbacks. Aqueous LiCl solutions have relatively low surface vapour
pressure, which results in a high dehumidification capacity, whilst
aqueous CaCl, solutions have a lower dehumidification capacity,
although are more cost-effective and can recover heat at lower
temperatures [7]. However, metal halide salt-based desiccant solutions
present the issue of being corrosive to metals [7], which affects the
choice of materials that are used in liquid desiccant systems and the
longevity of the system.

Weak acids, such as aqueous solutions of potassium formate (HCO:K),
potassium acetate (CHsCO:K), sodium formate (HCO,Na) and sodium
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acetate (CHsCO;Na) have also been investigated as working fluids in
liquid desiccant systems [8,9]. In particular, aqueous solutions of HCO,K
have found application as alternative fluids to metal halide desiccant
solutions because of their lower corrosiveness to metals, higher
solubility and reduced cost [8,10,11]. Longo and Gasparella [10]
investigated the thermophysical properties of aqueous HCO;K solution
and identified that this solution has the potential to achieve (i) high
performance, (ii) low cost, (iii) less carry-over of desiccant particles
and (iv) higher environmental compatibility, making it a promising
alternative to conventional desiccant solutions. Kumar et al. [12]
compared the vapour pressure of aqueous HCO:K with that of aqueous
LiCl and experimentally tested the dehumidification performance in a
liquid desiccant hybrid system, identifying that HCO;K could offer
performances similar to that of LiCl but at a reduced cost. Wen et al. [13]
used an electrochemical method to test the corrosiveness of aqueous
HCO:K to an anodised aluminium plate and proved that HCO;K has
much smaller causticity than LiCl under comparable vapour pressure.
On the other hand, aqueous solutions of HCO.K have higher viscosity
compared to metal halide desiccant solutions, which is a drawback for
liquid desiccant systems due to the higher energy required for solution

pumping [7].

Another category of investigated alternative liquid desiccant solutions
is ionic liquids. Compared with traditional desiccant solutions, ionic liquids
exhibit lower corrosiveness and solubility over the range of operating
temperatures of liquid desiccant systems [7,8]. Luo et al. [14] numerically
investigated 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4])
and 1-decyl-3-methylimidazolium acetate ([DMIM][OAc]) and verified
their feasibility in liquid desiccant systems. Qu et al. [15] investigated
multiple ionic liquids and concluded that 1-ethyl-3-methylimidazolium
acetate ([EMIM][OAc]) is a promising candidate due to its higher
absorption and desorption capacity. Watanabe et al. [16] also proposed
tributyl(methyl)phosphonium dimethylphosphate ([P:][DMPOQ4]) as
an efficient desiccant solution. Wang et al. [17] investigated the use of
[EMIM][OACc] with a perfluorinated sulfonic acid (PFSA) nonporous
membrane, showing the capacity of the ionic liquid to effectively
dehumidify, although the study identified that temperatures of the ionic
liquid higher than 70 °C would be required to achieve an efficient
regeneration process. In addition, the study claimed the ionic liquid to
be non-corrosive. Cao et al. [18] numerically investigated the
performance of an unspecified ionic liquid, assessing the potential
of the fluid for deep dehumidification and the advantage of using the
ionic liquid over aqueous lithium bromide (LiBr) due to higher
dehumidification capacity and absence of crystallisation. Giampieri et al.
[19] compared the moisture absorption and desorption performance
of conventional desiccant solutions, such as LiCl, CaCl, and HCOK, to
that of innovative desiccant solutions, such as nanofluids, desiccant
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solutions with surfactant (PVP K-30) and ionic liquids, such as
[EMIM][OAc] and Sorbionic04, which is a mixture of 1-ethyl-3-
methylimidazolium methanesulfonate ([EMIM][MeSO3]) with corrosion
inhibitors. It was identified the high potential of [EMIM][OAc] as a
moisture absorbing agent, which could achieve a moisture absorption
capacity as high as 0.429 gux0/gsol in a climatic chamber set at a
temperature and relative humidity (RH) of 25 °C and 90%, respectively.

In addition to standalone desiccant solutions, many researchers have
investigated the opportunity to mix desiccant solutions to achieve high
dehumidification performance at a lower cost [20,21]. Regarding
the mixtures with HCO:K, Bhowmik et al. [22] investigated the
dehumidification performance of a mixed solution of LiBr and HCO;K
and developed empirical correlations for the moisture removal rate, the
enthalpy effectiveness and the moisture effectiveness. Ding et al. [23]
investigated the vapour-liquid equilibrium (VLE) of mixtures of HCOK
and water with ionic liquids, such as [EMIM][OAc], 1-ethyl-3-
methylimidazolium bromide ([EMIM]Br), 1-ethyl-3-methylimidazolium
chloride ([EMIM]CI) and 1-ethyl-3-methylimidazolium nitrate
([EMIM]NO:s). It was found that the addition of the ionic liquids to the
mixture of HCO,K and water decreased the vapour pressure compared
to the binary mixture. However, this study did not investigate the effect
of the addition of the ILs on the corrosiveness to metals of the mixtures
and the impact on the cost of the solution. Giampieri et al. [19]
investigated the potential of adding [EMIM][OAc] to HCOK to increase
the performance of the desiccant solution. It was found that the
addition of [EMIM][OAC] in relatively large quantities (20-25% wt.)
would produce a significant increase in the moisture absorption
capacity (between 33.7 and 45.7%). However, this would also have a
negative effect on the cost due to the current high price of ionic liquids,
including [EMIM][OAC].

The literature review on desiccant solutions alternatives to aqueous
solutions of metal halide salts, such as weak acids, ionic liquids and
mixed desiccant solutions, showed the knowledge gap that research is
still ongoing to identify the ideal replacement of conventional desiccant
solutions from a performance and cost perspective, which is a key factor
for the development of the liquid desiccant technology. This study aims
to characterise the performance of a new kind of mixed liquid desiccant,
where [EMIM][OAc] was added in relatively small quantities (i.e., 5 or
10% wt.) to the HCOK, compare it with conventional desiccant solutions,
such as aqueous LiCl, and identify if this novel mixture could produce an
increase in performance whilst being cost-effective and not corrosive,
justifying the use of [EMIM][OAc] as additive for aqueous HCO:K
desiccant solutions (research hypotheses). As such, the research
objectives of this study are: (i) to investigate the corrosion behaviour of
different types of metals to various desiccant solutions, either
standalone or mixed, (ii) to characterise the moisture absorption and
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desorption capacity and mass fraction and temperature variation of the
desiccant solutions during the moisture absorption and desorption
processes and (iii) to assess if the novel mixed solutions would be
capable of providing a better trade-off between performance and cost
than the other investigated desiccant solutions.

The manuscript is organised as follows. Section 2 describes the
methodology used for the analysis of standalone and mixed desiccant
solutions. Section 3 shows the results of the experimental analysis on the
corrosiveness of the desiccant solutions and their moisture absorption
and desorption capacity, which is followed by an analysis of the trade-off
between the performance and cost of the investigated desiccant
solutions. In Section 4, further discussion of the results together with
limitations of the study and future research will be presented.

2. Methodology

The methodology used for the analysis of the conventional, innovative,
and mixed desiccant solutions consists of selecting, preparing, testing,
and assessing 11 desiccant solutions (see Figure 1). Three main aspects
were experimentally investigated to assess the feasibility of using mixed
liquid desiccants, including corrosiveness to metals, moisture absorption
and desorption capacity and cost-effectiveness analysis.

Select desiccant solutions
(standalone and mixed)

i

Prepare desiccant
solutions samples

e T

Test corrosiveness Investigate the performance .
: : Investigate the
to metals (copper, of the moisture absorption .
. . . cost-effectiveness
copper-nickel and mild steel) and desorption process

Trade-off between moisture
absorption and desorption
capacity and cost

Weight change Temperature variation Moisture absorption and
analysis profile desorption capacity

l

Assess the feasibility of
using mixed
HCO,K/[EMIM][OAc] as
desiccant solution

Figure 1 Methodology used in this study.
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The desiccant materials that were used in this study are HCO:K
(manufactured by Fisher Scientific with a purity of 99%), [EMIM][OAC]
(manufactured by Proionic with a purity higher than 98%) and LiCl
(manufactured by Leverton Lithium Chemicals with a purity of 99.3%,
which was tested in this study for comparison). The mass fractions of
the desiccant solutions considered in this study are listed in Table 1.

Table 1 Conventional, innovative and mixed desiccant solutions tested

in this study.
Desiccant Solution Mass Fraction (% wt.)

1 HCO2K 50
2 HCOzK 60
3 HCO2K 70
4 [EMIM][OAC] 50
5 [EMIM][OAC] 75
6 [EMIM][OAC] 100
7 HCO,K/[EMIM][OAC] 50/5
8 HCO,K/[EMIM][OAC] 50/10
9 HCO,K/[EMIM][OAC] 60/5
10 HCO,K/[EMIM][OAC] 60/10
11 LiCl 33.3

The corrosiveness of conventional, innovative and mixed desiccant
solutions to three types of metals, i.e., copper, copper-nickel and mild
steel, was evaluated using weighting change analysis. Samples of the
material were prepared and sunk into the desiccant solutions in a sealed
plastic bottle. After removing excess material, the weight of the metals
was periodically collected for samples at room temperature and in a
temperature chamber (Kambic TK-105 CK LT) at 60 °C, which is a
temperature commonly used for the regeneration of desiccant
solutions. The mass difference of the metal samples, Amn (%), can be
calculated using Equation (1):
My — My .

A =— 100
m Mmo U

where mp, is the mass (g) of the metal samples after a certain period of

time (24, 48 or 120 hours) and my is the initial mass (g) of the metal
samples.

In the moisture absorption and desorption tests, samples of
conventional, innovative and mixed desiccant solutions were placed in
cell culture dishes and then put in a temperature and humidity chamber
(Kambic KK-105 CH with a temperature range of 5-180 °C and an RH
range of 10-98%) at set temperature and RH. More details about the
temperature and humidity chamber used for the measure of the
moisture absorption and desorption capacities were presented in [19].
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After placing the desiccant samples in the temperature and humidity

chamber, the change in temperature and mass of the samples were

measured at regular intervals. Each experimental test was conducted

for 100 minutes. The changes in temperature of the desiccant samples

were recorded using a Type K thermocouple (with a resolution of +0.75%)
that was connected to a TTC-08 thermocouple data logger

(manufactured by Pico technology with 20-bit resolution), while the

changes in mass were collected using a digital scale (Kern DS 150K1 with

a resolution of £0.02 g). Five conditions of the temperature and humidity
chamber for both the moisture absorption and desorption process were

tested in this study, as listed in Table 2.

Table 2 Conditions tested in the temperature and humidity chamber.

Moisture absorption Moisture desorption
Temperature (°C) RH (%) | Temperature (°C) RH (%)
25 90 50 30
28 80 60 20
28 90 60 30
31 80 70 20
31 90 70 30

Based on the results of the experimental tests, the moisture absorption
capacity (MAC) and moisture desorption capacity (MDC) (gn20/9sol) Were
calculated to compare the ability of the desiccant solutions to absorb or
desorb moisture, as shown in Equations (2) and (3):

me—m
MAC =—=—%° (2)
Mg
m —m
MDC =2 5 (3)
msO

where m; is the mass (g) of desiccant solutions after a certain period of
time and my is the initial mass (g) of desiccant solutions.

Based on the results of the moisture absorption and desorption process,
the mass fraction variation of the desiccant solution, Ax (%), was also
calculated using Equation (4):

Ax = =—".100 (4)

where x; is the mass fraction of the desiccant solution during the test
(gsalt/gsol) @and xso is the initial mass fraction of the desiccant solution

(gsalt/gsol)-
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To investigate the trade-off between performance and cost of the
investigated liquid desiccant samples, a cost analysis was conducted for
the moisture absorption and desorption process, as shown for the
parameters Cuac (Qn20/£) and Cuoc (gH20/£) in Equations (5) and (6):

mg — Mg
Cyvac = % (5)
m;

C _ Myo — M
MDC — C
m

i

(6)

where Cni is the cost (£) of the desiccant solutions used in this study,
which was estimated using the mass of the samples and their mass
fraction and including their cost (£ per kg of salt), as reported by [19].

3. Results and Discussion

The results and discussion of the analysis of the conventional,
innovative, and mixed desiccant solutions, including corrosiveness to
metals, moisture absorption and desorption capacity and cost-
effectiveness assessment will be discussed in Sections 3.1-3.3.

3.1 Corrosion test

The results of the weighting experiment to evaluate the corrosiveness
of the desiccant solutions to mild steel, copper and copper-nickel are
shown in Figure 2.

An initial increase in weight was observed for most of the metal samples
in the experiments conducted at room temperature due to oxidation
(see Figure 2). After some time, the oxidation process reduced and the
effect of corrosion became the leading cause of mass decrease. A similar
trend was observed for the experiments conducted at 60 °C. For the
tests conducted at room temperature, the copper-nickel sample
showed severe corrosion when sunk into 50% wt. HCO.K solution, 33.3%
wt. LiCl solution and in the mixed solution of HCO,K/[EMIM][OACc] in a
ratio of 60/10% wt. (while the remaining 30% wt. of the solution was
deionised water, this will not be further specified in the manuscript). For
the 50% wt. HCO,K solution, the copper-nickel sample exhibited a mass
increase of 2.11% after 24 hours, whilst dropping back to 0.04% after 120
hours. For the mixed desiccant solutions with lower concentrations, the
mass of copper-nickel samples decreased at a lower speed, indicating
less corrosiveness of these solutions. The physical appearances of the
metal samples submerged in the standalone and mixed desiccant
solutions are shown in Figure 3 (where the numbers 1-11 represent the
types of desiccant solutions shown in Table 1).
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Figure 2 Results of the weighting experiment to evaluate the corrosiveness of the desiccant solutions
to mild steel, copper and copper-nickel after (a) 24, (b) 48 and (c) 120 hours at room temperature.

Figure 3 Physical appearance after 120 hours of (a) copper-nickel, (b)
copper and (c) mild steel samples submerged into the desiccant
solutions at room temperature (the numbers 1-11 represent the types
of desiccant solutions shown in Table 1).
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The 50% wt. [EMIM][OACc] solution shows a significant effect by turning
blue after the test (samples 4a and 4b), indicating the release of copper
ions (see Figure 3). For the HCO:K/[EMIM][OAC] solution in a ratio of
50/5% wt. and the HCO,K/[EMIM][OACc] solution in a ratio of 50/10% wt.,
the copper-nickel samples exhibit a black layer, which was possibly
caused by nickel oxides. This phenomenon indicates a different
corrosion behaviour of copper-nickel in different desiccant solutions.
On the other hand, copper-nickel did not show a significant mass
difference under the effect of 33.3% wt. LiCl solution. According to
Figure 2, the mass difference after the same period of time is lower in
copper samples, than in copper-nickel samples for most of the desiccant
solutions, although 50% wt. HCO:K solution and 50% wt. [EMIM][OACc]
solution showed a more severe corrosion to copper. No matter
standalone or mixed desiccant solution, the experimental results
showed that solutions with a higher concentration of desiccant
exhibited lower corrosiveness to copper, showing the potential impact
of water in the process of copper corrosion.

The evidence of high corrosiveness of 50% wt. [EMIM][OAc] to copper
are even clearer from Figure 4, as the solution turns dark blue after the
test (sample 4b), indicating a higher concentration of copper ions. In
addition, the colour difference of desiccant solutions shows that
[EMIM][OAC] solution is more corrosive to copper than HCO:K solution
as the latter exhibits no colour change visible to the naked eye after the
test. Hence, adding [EMIM][OAc] to the aqueous HCO;K solution
increases the corrosiveness of the solution to copper. For aqueous LiCl,
although the solution shows no colour changes and remains
transparent after the test, the 0.07% increase in mass proves the
oxidation of the copper sample. This indicates the fault of copper
material under the effect of LiCl solution is mainly affected by oxidation.

Among the three types of metals, only mild steel samples showed
negative mass difference. Mixture desiccant solutions did not show
clear evidence of corrosion. On the other hand, the mild steel samples
showed severe corrosion when in contact with the mixed solution of
HCO-K/[EMIM][OAC] in the ratio of 50/5% wt. One possible explanation
is that the water content of the solution has a great impact on the
corrosion process of mild steel. This hypothesis is supported by the fact
that steel is corroding faster in those solutions with lower desiccant
concentrations. Many factors at the solution-mild steel interface could
be responsible for the observed increase in corrosion in solutions with
higher water concentration, such as increased oxygen diffusion, as
discussed in the study by Eyu et al. [24]. As such, further investigation of
the corrosion behaviour of this complex process should be conducted
to clarify to observed phenomenon.

Mild steel samples and solutions did not exhibit any change visible to
the naked eye after the test (see Figure 4). The test conducted at 60 °C
showed that both oxidation and corrosion processes were accelerated.
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Copper-nickel samples were corroding at a relatively low speed when
sunk in 60% wt. and 70% wt. HCOK solutions, whilst the mass decrease
of copper-nickel samples was significant for the other desiccant
solutions. For the 50% wt. [EMIM][OAc] solution, the mass difference
reached a negative value of -0.09%. As such, the corrosiveness of
[EMIM][OACc] to copper was clear due to the change in colour of the
[EMIM][OACc] solutions, which turned deep blue after the test.

Figure 4 Physical appearance after 120 hours of (a) copper-nickel,
(b) copper and (c) mild steel submerged into the desiccant solutions at
60 °C (the numbers 1-11 represent the types of desiccant solutions
shown in Table 1).

Numerical results showed that mixed desiccant solutions of HCO;K and
[EMIM][OACc] have a higher mass decrease than those solutions with the
same HCO2K concentration. A black oxide layer was also observed on
copper-nickel samples in four mixed desiccant solutions. The change in
the appearance of desiccant solutions and metal samples proved that
the behaviour of copper-nickel could be attributed to both the corrosion
of copper and the oxidation of nickel. In this case, the mixed desiccant
solution of HCO2K and [EMIM][OAc] does not hold the advantage of
reduced corrosiveness over standalone aqueous HCO;K solutions. On
the contrary, a high concentration of aqueous HCO;K solution showed
a satisfying feature of restraining the corrosion process for copper-
nickel samples. The result for copper samples illustrated a little mass
decrease in standalone aqueous HCO:K solutions. The colourless and
transparent appearance of standalone aqueous HCO;K solutions
indicated a little corrosion to copper. On the contrary, the copper
sample sunk in the 50% [EMIM][OACc] solutions showed a mass decrease
of -0.347%. Meanwhile, the mixture of HCO.K and [EMIM][OAc]
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exhibited high corrosiveness to copper, which was proved by the
change in colour of the solutions when in contact with copper samples.

It is worth mentioning that HCO.K/[EMIM][OAc] solution in the ratio
60/10% wt. showed little corrosion to copper. This was shown by the fact
that the mass difference is not declining fast and the solution showed
only a slight change in colour to pale blue after the test. A possible
explanation of the observed process is that water is a key factor in the
process of [EMIM][OAc] corroding copper samples. This would also
explain the fact that pure [EMIM][OAc] and 75% wt. [EMIM][OAC]
solutions are corroding copper relatively slowly while 50% wt.
[EMIM][OACc] solution is corroding copper significantly. Moreover, the
fact of little corrosiveness of HCO,.K/[EMIM][OACc] solution in a ratio of
60/10% wt. indicates a complex effect of these two types of desiccants
that are restraining the corrosion of copper. As for steel samples, the
mass difference under 60 °Cis less than those under room temperature.
One possible reason for this phenomenon is that high temperature
environment has a greater impact on the process of oxidation rather
than corrosion. This led to a generally higher mass difference in the
steel samples. For the experiments conducted in the temperature
chamber at 60 °C, the steel samples in mixture desiccant solutions
showed little mass difference (within -0.04%).

3.2 Moisture absorption and desorption capacity

The results for the MAC of standalone and mixed desiccant solutions
investigated in this study are shown in Figure 5 for the conditions of the
temperature and humidity chamber previously shown in Table 2.

S
]

0

25°C 90%RH
28°C 80%RH
28°C 90%RH
31°C 80%RH
31°C 90%RH

WWW%W W

- —~ 07} 25C 90%RH -
I 3 28°C 80%RH
= 1 L~ 06f 28°C 90%RH .
i o 31°C 80%RH
1 2 05f 31°C 90%RH -
8
- & 04 | -
o
& o3} -
1=
2 02} i
0
©
i i Mo TR
2 (Ll
22
o 0.0
=

50%

1 A
HCO2K HCO2K HCO2K EMIM EMIM  EMIM LiCl HCO2K 50% HCO2KS50% HCO2K60% HCO2K 60%
60% 70%

OAc OAc OAc  33.3% EMIM OAc 5% EMIM OAc  EMIM OAc 5%  EMIM OAc
50% 75% 100% 10% 10%

Figure 5 Moisture absorption capacity of (a) standalone and (b) mixed desiccant solutions tested in
this study (the resolution of the digital scale used for the measure is +0.02 g).
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The MAC of HCO:K solutions increases with the concentration of the
solution. The 70% wt. aqueous HCO:K solution has a MAC comparable
to that of the 33.3% wt. LiCl solution in all tested conditions, indicating a
similar equilibrium vapour pressure of the two solutions when tested at
relatively low temperatures. Pure [EMIM][OAc] exhibited the highest
MAC among all tested solutions (as high as 0.67 gn20/gso) followed by
75% wt. [EMIM][OAC] solution, which has a MAC as high as 0.32 gi20/Jsol.
The highest MAC of [EMIM][OAc] at high mass fractions was in line with
the results obtained by Giampieri et al. [19]. The performance of the
latter was about twice that of the investigated aqueous LiCl solution
(which showed an average MAC of about 0.15 gn20/gsol for the conditions
tested in the temperature and humidity chamber). On the other hand,
50% wt. [EMIM][OACc] solution showed little or no capacity to absorb
moisture from the air in all the tested conditions, illustrating the primary
effect of the water on the capacity of [EMIM][OAc] to absorb moisture,
which significantly reduces when the water mass fraction in the solution
increases.

The results of the MAC of standalone desiccant solutions showed that a
relatively low mass fraction of LiCl solution can achieve a moisture
absorption similar to that of solutions at a higher concentration, as in
the case of HCO,K or [EMIM][OAC]. Although this could seem beneficial,
Section 3.3 will show how the current high cost of LiCl limits the
advantage of using aqueous LiCl solutions over standalone desiccant
solutions of HCO.K or [EMIM][OAc]. Regarding mixed desiccant
solutions, an increase of MAC can be observed when comparing
HCO.K/[EMIM][OAc] solution in a ratio of 50/5% wt. or
HCO.K/[EMIM][OAc] solution in a ratio of 50/10% wt. to standalone
desiccant solution of HCO;K with a mass fraction of 50% wt. The same
increase was observed for the 60% wt. HCOK solutions. This showed
that adding minor quantities of [EMIM][OAc] to HCO-K solutions could
represent an effective method to lower the surface vapour pressure of
the desiccant solution and increase its capacity to absorb moisture, as
suggested by Ding et al. [23].

Although the MAC of HCO,K/[EMIM][OAC] solution in a ratio of 60/10%
wt. is in general lower than that 33.3% wt. LiCl solution, the difference in
MAC is lower than 0.05 gw20/gso for all the tested conditions, which
makes the mixed desiccant solution a very competitive alternative to
aqueous LiCl. As an example, the mixed HCO,K/[EMIM][OACc] solution in
a ratio of 60/10% wt. reached a MAC of 0.146 gw20/gsoi When the
temperature and humidity chamber was set at 25 °C and 90%, while for
the same condition of the temperature and humidity chamber the
aqueous LiCl achieved a MAC 0.18 gn20/Jsol.

In the process of moisture absorption, the desiccant solutions remove
the latent heat from the air by absorbing the moisture. This results in
the desiccant solution becoming hotter (heat of dilution). This ultimately
leads to an increase in the surface vapour pressure of the desiccant
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solution. As a result, the moisture absorption rate decreases over time,
which, in turn, decreases the temperature of the desiccant solution. The
temperature profile of the desiccant samples for the conditions of the
temperature and RH in the chamber of 25 °C and 90% is shown in
Figure 6. The higher MAC of pure and 75% wt. [EMIM][OACc] results in
the highest temperature variations among the investigated desiccants,
which can achieve a temperature as high as 37.55 °C for pure
[EMIM][OACc] absorbing moisture in the chamber at a temperature and
RH of 25 °C and 90%, respectively.
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Figure 6 Temperature profile of the moisture absorption process for temperature and humidity
chamber set at 25 °C and 90% (the resolution of the thermocouple used for the measure is +0.75%).

The decrease in mass fraction of the desiccant solutions due to the
absorption of moisture is shown in Figure 7. Desiccant solutions
absorbing more water results in a higher mass fraction variation. During
the moisture absorption process, the desiccant solutions absorb
moisture from the air in the temperature and humidity chamber,
diluting it and increasing its equilibrium vapour pressure until the
difference in vapour pressure between the air and the desiccant
solution is so small that the absorption process stop. It is important to
note that desiccant solutions that can achieve a large variation in mass
fraction during the moisture absorption/desorption process will be
favoured as thermochemical energy storage materials due to their
energy storage capacity and the ability to ease the dehumidification and
regeneration process [19].
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Figure 7 Decrease in mass fraction due to absorption of moisture of the (a) standalone and (b)
mixed desiccant solutions tested in this study.

The results for the MDC of standalone and mixed desiccant solutions
investigated in this study are shown in Figure 8. For standalone
desiccant solutions, it is reasonable that pure [EMIM][OAC] is initially
absorbing water in all tested conditions as there is no water to desorb.
For most of the desiccant solutions, the tested conditions of the
temperature and humidity chamber allow the desorption of water from
the solution. On the other hand, pure [EMIM][OAc] and 75% wt. solution
showed the capacity to absorb moisture from the air of the temperature
and humidity chamber even when at high temperatures. This is in line
with the results from Wang et al. [17] and Giampieri et al. [19], which
showed that temperatures higher than 70 °C are required for
[EMIM][OACc] at high mass fraction to efficiently perform regeneration.
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Figure 8 MDC of the investigated condition for (a) standalone and (b) mixed desiccant solutions
(the resolution of the digital scale used for the measure is +0.02 g).
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As the process of moisture desorption is the inverse process of moisture
absorption, the ability to desorb water indicates a relatively higher
surface vapour pressure that drives water to move from the solution to
the air. For standalone desiccant solutions, low concentrations of HCO2K
or [EMIM][OAC] result in a higher capacity to desorb water. For the
mixed desiccant solutions, a trend of decrease in MDC with the increase
of concentration can be observed which is supporting evidence of the
good moisture absorption and desorption capacity of HCO,K/[EMIM][OAC]
in a ratio of 60/10% wt. solution. When the temperature and RH of the
climatic chamber were set to 70 °C and 20%, respectively, the mixed
HCO,K/[EMIM][OACc] solution in a ratio of 50/5% wt. reached a MDC of
0.238 g20/gsol-

During the process of moisture desorption, the driving force of mass
transfer between the solution and the air is the difference in surface
vapour pressure. The increase in temperature of the chamber results in
an increase in the performance of the moisture desorption process due
to the enhanced heat and mass transfer caused by a larger vapour
pressure difference between the desiccant solution and the air (see
Figure 8). A less important effect is observed when the chamber is set
at a lower RH, although this would also be the effect of increasing the
difference between the vapour pressure of the desiccant solution and
the air. The temperature variation of the desiccant samples for the
moisture desorption process is shown in Figure 9 when the temperature
and RH in the chamber is set at 50 °C and 30%, respectively.
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Figure 9 Temperature profile of the moisture desorption process for temperature and humidity
chamber set at 50 °C and 30% (the resolution of the thermocouple used for the measure is +0.75%).



Green Energy and Sustainability 2024;4(2):0002 Page 17 of 24

50

40

30

20

10

Unlike the moisture absorption process, the water desorbed by the
solution in the desorption process results in a decrease in the
temperature of the solution (which is lower than the temperature of the
chamber for most of the samples). On the other hand, the capacity of
pure [EMIM][OACc] to absorb moisture at the tested condition of the
temperature and humidity chamber results in a temperature of the fluid
higher than that of the chamber (up to 51.8 °C before decreasing as
more water is absorbed by the solution, diluting it). The increase in mass
fraction of the desiccant solutions due to the experimental moisture
desorption is shown in Figure 10.
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Figure 10 Increase in mass fraction due to the desorption of moisture from (a) standalone and (b)
mixed desiccant solutions investigated in this study.

The mass fraction of most of the investigated solutions increased
as a result of the moisture desorption process, i.e.,, they are being
regenerated. As previously mentioned, pure [EMIM][OAc] and 75% wt.
solution showed the capacity to absorb moisture from the air of the
temperature and humidity chamber even when at high temperatures,
resulting in a decrease in mass fraction until equilibrium between the
equilibrium vapour pressure of the ionic liquid and the vapour pressure
of the surrounding air in the temperature and humidity chamber is
achieved. This would make interesting the potential application of this
fluid for drying applications at relatively high temperatures. The mixed
HCO,K/[EMIM][OACc] solution in a ratio of 60/10% wt. showed a moisture
desorption performance similar to that of a 33.3% wt. LiCl, indicating the
similarity of these two types of desiccant solutions in both the moisture
absorption and desorption process.
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3.3 Cost analysis

The results of the trade-off analysis between the moisture absorption
performance and the cost of the conventional, innovative and mixed
desiccant solutions investigated in this study are shown in Figure 11.
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Figure 11 Trade-off between the moisture absorption performance and
the cost of the conventional, innovative and mixed desiccant solutions
investigated in this study.

The aqueous solutions of HCO:K present the highest ratio between
moisture absorption capacity and cost, being able to absorb up to
280.3 g of water per pound of prepared solution. On the other hand, the
high cost of LiCl salt (assumed as £52.25 per kg of LiCl in this study [19])
makes its use less feasible from a cost-effectiveness point of view (being
able to absorb only about 10 g of water per pound of prepared solution),
although Figure 5 showed the high moisture absorption capacity of this
type of solution. The mixtures of HCO,K/[EMIM][OAc] show a significant
improvement in terms of cost-effectiveness compared to the standalone
[EMIM][OACc] desiccant solution (ie.,, the mixtures are capable of
absorbing more than two times the same amount of moisture for the
same cost). As such, the mixtures of HCO:K/[EMIM][OAc] could be
considered as an alternative to the use of [EMIM][OAc] and LiCl capable
of reducing cost, making the use of the mixed type of solution suitable
for applications requiring large volumes of desiccant solutions.

The mixed desiccant solutions showed a great advantage over the LiCl
solution from a cost-effectiveness point of view, being the Cyac of mixed
HCO,K/[EMIM][OACc] solutions between 2.5 and 8.1 times higher than
that of aqueous LiCl for the conditions tested in the temperature and
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humidity chamber. Considering the similarity of moisture absorption
and desorption capacity of these two desiccant solutions, the potential
of using 60/10% wt. HCO,K/[EMIM][OACc] solution as an alternative to
the 33.3% wt. LiCl solution was confirmed. However, it should be
mentioned that HCOK presents a much higher cost-effectiveness than
the mixture of HCO,K/[EMIM][OACc]. As such, standalone HCOK should
be first considered for applications that require dehumidification
but not at low levels of RH (i.e., not suitable for processes of deep
dehumidification).

Similarly, the results of the trade-off analysis between the moisture
desorption performance and the cost of the conventional, innovative
and mixed desiccant solutions investigated in this study are shown in

Figure 12.
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Figure 12 Trade-off between the moisture desorption performance and
the cost of the conventional, innovative and mixed desiccant solutions
investigated in this study.

The low cost of the potassium formate considered in this study (£0.97
per kg of HCO.K [19]) also resulted in the highest trade-off between the
moisture desorption capacity and the cost for standalone aqueous
HCO:K solutions. The highest cost-effectiveness was obtained for the
50% wt. HCO:K solution (in the range between 367 and 629 g of water
per unit of cost). When the mass fraction of HCO.K in the aqueous
solution increased, this resulted in a decrease in moisture desorption
and the resulting cost-effectiveness. The high cost and low or negative
moisture desorption capacity of [EMIM][OAc] resulted in a low or
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negative cost-effectiveness for the moisture desorption process. On the
other hand, mixed solutions showed positive cost-effectiveness,
although the standalone HCO:K would perform better in the moisture
desorption process in terms of performance and cost.

4. Further discussion, limitations of the study and future
research

The corrosion of metals due to the presence of desiccant solutions in
real operating liquid desiccant systems is a more complex process that
is affected by more external factors. In this study, the metal samples
were sunk into the desiccant solutions, while in real operation, the
metals used in liquid desiccant systems are in continuous contact with
both the desiccant solution and the air. In addition, flow patterns would
be affecting the corrosion and erosion process as well. As such, the
corrosion process is still hard to predict based on known results. One of
the most important findings was the identification of the corrosiveness
of [EMIM][OAC] to copper and copper-nickel. In particular, copper-nickel
is recognised as a corrosion resistant material that is employed in heat
exchangers in environments that could be responsible for corrosion,
such as marine applications [25]. This would result in the limitation of
using copper-nickel in combination with [EMIM][OAc] in liquid desiccant
systems employing copper-nickel as heat transfer material. Overall, the
corrosion resistance of the mixture of HCO,K/[EMIM][OAc] was explored
and it was proved to be satisfactory at room temperature. However, it
was clear that the standalone HCO;K solution showed lower
corrosiveness to the tested metals compared to the mixed desiccant
solution. As such, further investigation of the corrosiveness of the tested
desiccant solutions, for example using the electrochemical method
[9,26], is required to fully understand their corrosive properties.

Although satisfactory in the increase in performance, the mixing of
small quantities of [EMIM][OAc] to aqueous solutions of HCO:K did not
live up to the expected outcome of significantly increasing the
performance. It was clear from the study that adding [EMIM][OACc]
(either 5% or 10% wt.) to the standalone HCOK solution would increase
the moisture absorption capacity. However, the moisture performance
of standalone HCOK desiccant solution at higher mass fraction values
could be higher than or similar to that of the tested mixed desiccant
solutions but at a lower cost. As such, the addition of small quantities of
[EMIM][OACc] could be seen as a potential strategy to further increase
the moisture absorption capacity of aqueous HCO:K solution when the
desiccant solution is close to saturation since the addition of
[EMIM][OACc] would not affect the solubility of the mixture. This type of
solution could be used for deep dehumidification processes requiring
low values of RH.
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The major limitation of this study was that the mass fractions of the
investigated standalone and mixed desiccant solutions and conditions
of the temperature and humidity chamber were not explored widely.
Further analysis of this novel type of mixed desiccant solution could
include the determination of the kinetic sorption rates and of the
moisture sorption isotherms for various values of temperatures and
mass fractions. It was identified in a previous study that the increase of
larger quantities of [EMIM][OAc] in aqueous HCO:K solution resulted in
an important increase in moisture absorption performance (up to
84.1%) [19], showing the potential for an important increase in
performance whilst achieving a cost of the working fluid that is cheaper
than aqueous LiCl. As such, future research should explore more in
detail the optimal mixing ratio of HCO,K and [EMIM][OAc] or replace
[EMIM][OACc] with another type of ionic liquid, such as Sorbionic04 [19].
Another approach could be the use of consistent mass fractions to
comparatively assess different types of desiccant solutions or the
experimental investigation of the vapour pressure of the mixture.

In addition, a more complex cost analysis of real operating liquid
desiccant systems utilising less corrosive mixtures of HCO,K and ionic
liquids would be required. As a matter of fact, the use of non or less
corrosive desiccant solutions could affect the capital and maintenance
cost of liquid desiccant systems together with their lifespan. As such,
future studies should assess the impact of using non-corrosive
desiccant solutions not only in terms of the capital cost of the desiccant
salt but also on the capital, operating, maintenance and replacement
costs of liquid desiccant systems.

5. Conclusion

Conventional, innovative and mixed solutions of LiCl, HCO;K and
[EMIM][OACc] were investigated in this study and their corrosiveness to
metals, moisture absorption and desorption capacity and cost-
effectiveness were assessed, offering insights into a new type of mixed
desiccant of HCO,K and [EMIM][OAc]. Based on our three research
objectives, we conclude:

(i) The analysis of the corrosiveness to copper, copper-nickel and mild
steel of standalone and mixed desiccant solutions showed that the
mixed solution of HCO.K/[EMIM][OAc] in a ratio of 60/10% wt.
showed low corrosiveness at room temperature, while [EMIM][OAC]
showed severe corrosion on copper and copper-nickel.

(ii) The analysis of the moisture absorption capacity was enhanced after
mixing HCOK and [EMIM][OAc] (compared to the standalone HCO.K
desiccant at the same fraction). However, a similar and opposite
effect was observed for the moisture desorption process. As such,
the addition of [EMIM][OACc] to the aqueous HCOK solution would
require a heat source at a higher temperature for regeneration. The
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mixed HCO2K/[EMIM][OACc] solution in the ratio of 60/10% wt. had
similar moisture absorption and desorption performance to that of
the 33.3% wt. LiCl solution (showing a MAC of 0.146 gw20/Qsol
compared to 0.18 gw0/gse for aqueous LiCl at 33.3% when the
temperature and humidity chamber is set at 25 °C and 90%).

(iii) The cost-effectiveness analysis showed the clear advantage of using
aqueous HCOK and mixed HCO:K/[EMIM][OAc] for moisture
absorption over conventional aqueous solutions of LiCl, being these
solutions capable of dehumidifying up to 30.7 and 8.1 times more
moisture than LiCl for the same cost.

In conclusion, the feasibility and compatibility of mixed
HCO:K/[EMIM][OAc] desiccant solution was validated and the mixed
desiccant solution in the ratio of 60/10% wt. can be seen as a promising
alternative to 33.3% LiCl solution. In addition, [EMIM][OAc] could be a
feasible additive for aqueous HCOK solutions close to saturation when
deep dehumidification processes are required.
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