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d hygroscopicity of perchlorates
and implications for the existence of liquid water in
some hyperarid environments

Wenjun Gu,ac Yongjie Li,b Mingjin Tang, *a Xiaohong Jia,ac Xiang Ding,a Xinhui Bia

and Xinming Wangad

The existence of liquid water is a prerequisite for habitability. Deliquescence of perchlorates under

subsaturated conditions has been proposed to explain the occurrence of liquid water in some hyperarid

environments on the earth and on the Mars. However, the amount of liquid water associated with

perchlorates under different conditions is not well understood yet. In this work, we have measured

deliquescence relative humidity (DRH) of three perchlorates at different temperatures from 278 to 303 K.

DRH decreases from (42.8 � 0.6)% at 278 K to (40.5 � 0.5)% at 303 K for Mg(ClO4)2$6H2O, and from

(18.5 � 0.5)% at 278 K to (15.5 � 0.5)% at 303 K for Ca(ClO4)2$4H2O; in contrast, deliquescence of KClO4

did not occur even when RH (relative humidity) was increased to 95%. In addition, we have determined

the amount of water taken up by Ca(ClO4)2$4H2O and Mg(ClO4)2$6H2O as a function of RH (0–90%)

and temperatures (278–298 K). It is found that when both salts are deliquesced, more water (�10% on

average) is associated with Mg(ClO4)2$6H2O than Ca(ClO4)2$4H2O on the per mole ClO4
� base. Overall,

this work would significantly improve our knowledge in hygroscopicity of perchlorates, and thus may

provide fundamental insights into the hydrologic cycles in some hyperarid regions on the earth and on

the Mars.
1 Introduction

As we currently understand, liquid water is a prerequisite for the
occurrence of life. In hyperarid environments on the earth such
as the Atacama Desert in Chile, pure liquid water is not stable
due to extremely low water vapor concentrations in the atmo-
sphere.1–3 Deliquescence of soluble minerals, such as chlorates
and perchlorates, could lead to the formation of stable aqueous
solution (and thus liquid water) in these hyperarid regions.2,4–6

Deliquescence is the phenomenon that under subsaturated
conditions a soluble component takes up water vapor and forms
a stable aqueous solution.7 Indeed, perchlorates have been
found in soils in many arid and/or semi-arid regions on the
earth, including the Antarctic Dry Valleys, Southwest US, and
the Atacama Desert.8–12 Perchlorates may be formed photo-
chemically from chlorides and emitted by anthropogenic
activities,8,11,13–15 but their sources are not entirely clear.
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The deliquescence of perchlorates is also relevant for the
Martian environment. One important question in research of
the Mars is whether liquid water exists or existed on the Mars.
Evidence which supports the existence of liquid water on the
Mars is mounting,16–18 though pure liquid water is not stable on
the Mars due to its extremely dry and cold environment as well
as low atmospheric pressure. It has been proposed that the
presence of perchlorates in Martian soil, which have been
detected at a number of sites on the Mars,19,20 can lower the
freezing temperature of liquid water and form stable aqueous
solutions by absorbing water vapor from the atmosphere even
under subsaturated conditions.21–25

Several laboratory and theoretical studies have investigated
the deliquescence and efflorescence of perchlorates at different
temperatures.22,23,25–28 For example, a laboratory study by Zor-
zano et al.23 found that sodium perchlorate could absorb water
vapor and form aqueous solutions under Martian conditions at
temperatures as low as 225 K. The deliquescence relative
humidity (DRH) decreases from 64% at 223 K to 42% at 273 K
for Mg(ClO4)2$6H2O, and decreases from 64% at 228 K to 51% at
273 K for NaClO4$H2O.25 The DRH of calcium perchlorate varies
between 5% and 55% for the temperature range of 223–273 K,22

probably because the hydration state of calcium perchlorate
changes at different temperatures. It has not been clearly stated
in the two original studies22,25 whether the RH was respected to
liquid water or ice, though RH with respect to liquid water is
This journal is © The Royal Society of Chemistry 2017
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commonly used for DRH.7 In another study using a Raman
scattering lidar,26 Mg(ClO4)2$6H2O was found to deliquesce
when the temperature is only �4 K higher than the frost point.
Phase transition of chloride–perchlorate binary mixtures and
the salt analog, which closely replicates the composition and
relative concentrations of common cations and anions found at
the Phoenix landing site on Mars, has also been explored.29,30

While previous studies support the possible occurrence of
liquid water in some hyperarid regions on the earth (as well as
on the Mars) from a fundamental point of view, a better
understanding of hydrologic cycles in these hyperarid envi-
ronments requires quantitative knowledge of water partitioning
between the gas phase and perchlorates under different
conditions. However, to our knowledge such information is not
available yet.

In this work we have quantitatively measured the amount of
water associated with Ca(ClO4)2$4H2O, Mg(ClO4)2$6H2O and
KClO4 in equilibrium with water vapor as a function of RH
(0–90%) at different temperatures (278–298 K). In addition, we
have also determined the DRH of Ca(ClO4)2$4H2O and
Mg(ClO4)2$6H2O as a function of temperature (278–303 K) in
a very accurate manner. Our results provide quantitative
knowledge of deliquescence properties of perchlorates, and
thus may help better understand the hydrologic cycles in some
hyperarid environments on the earth and on the Mars.
2 Experimental section

The interaction of perchlorates with water vapor under
subsaturated conditions was investigated using a commercial
vapor sorption analyzer (model no. Q5000SA; manufacturer: TA
Instruments, New Castle, DE, USA). The instrument has been
detailed in our previous study,31 and here we only briey
describe experimental procedures that are important for this
study. High purity N2 was used in this work unless otherwise
stated.
Fig. 1 Time series of RH and normalized sample mass in a typical
experiment designed to measure mass hygroscopic growth factors of
perchlorates. In the experiment shown in this figure, Ca(ClO4)2$4H2O
was used and the temperature was set to 298 K.
2.1 Vapor sorption analyzer

The schematic diagram of the vapor sorption analyzer used in
this work is shown in Fig. 7 in the Appendix. The principle of
this instrument lies on accurate and precise measurements of
the absolute mass of the sample under investigation at well
controlled temperature and RH. A humidity chamber was used
to control the temperature and RH under which the sample was
exposed to water vapor. RH was regulated by mixing a dry N2

ow with a humidied N2 ow, both controlled using mass ow
controllers (MFC), and the total ow delivered into the humidity
chamber was set to 200 mL min�1. Temperature (278–353 K)
and RH (0–98%) to which perchlorates were exposed could be
programmed and were monitored in real time as well.
Temperature stability of �0.1 K and RH stability of �1% could
be achieved. In this work all the experiments were conducted
under isothermal conditions, i.e. during each experiments
temperature was kept constant while RH was varied.

Two semispherical metalized quartz crucibles, connected to
a high-precision balance via hang-down wires, were located in
This journal is © The Royal Society of Chemistry 2017
the humidity chamber. These crucibles, each with a volume of
180 mL, were provided by the instrument manufacturer. One
crucible contained perchlorate powder and the other one was
empty, and therefore water uptake by the empty crucible could
be simultaneously measured and subtracted. The balance used
to measure sample mass has a dynamic range of 0–100 mg,
a stated sensitivity of <0.1 mg, and a weighing accuracy of
�0.1 mg. The baseline dri in mass measurement was found to
be <5 mg within 24 h at 20% RH and 298 K when no sample was
used for the sample crucible. A small N2 ow (10 mLmin�1) was
used to purge the balance continuously in order to prevent
moisture condensation. In this work the initial mass of
perchlorate samples was typically in the range of 1–5 mg, and in
each experiments fresh perchlorate samples were used. Since
only data under equilibrium were used, the amount of sample
should not impact our results; however, it affected the time to
reach the equilibrium (i.e. it took longer to reach the equilib-
rium if the initial mass of the sample was larger).
2.2 Water uptake measurements

In the rst type of experiments, the amounts of water associated
with perchlorates were determined as a function of RH at
different temperatures. The following experimental procedures
were used: (i) temperature was set to a given value; (2) aer the
temperature was stabilized, the sample was dried at 0% RH (the
actual RH was measured to be <5% under “dry” conditions)
until the mass change was <0.05% within 30 min; (3) RH was
increased stepwise to 90% with an increment of 10% per step,
and at each RH the sample was equilibrated with water vapor
until its mass became stable (i.e. the sample mass change was
<0.1% within 30 min); (4) the sample was dried again at 0% RH
until its mass change was <0.1% within 30 min.

Fig. 1 shows the dataset for a typical experiment designed to
measure the amount of water taken up by Ca(ClO4)2$4H2O as
RSC Adv., 2017, 7, 46866–46873 | 46867

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08366a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 4
:1

4:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a function of RH at 298 K. Signicant increase in sample mass
was observed when RH was increased from 10% to 20%, sug-
gesting that the deliquescence of Ca(ClO4)2$4H2O occurred at
a RH between 10% and 20% at 298 K. Further increase in RH
caused additional increase in sample mass. Aer RH was
returned to 0%, the sample mass was equal to the initial value
within the experimental uncertainty, suggesting that aer the
humidication–dehumidication process, the sample had the
same hydration state as the unprocessed one. The data shown
in Fig. 1 could be used to derive the amounts of water taken up
by Ca(ClO4)2$4H2O as a function of RH.
2.3 DRH determination

Accurate DRH values were measured in the second set of
experiments as a function of temperature for perchlorates, and
the following experimental procedures were used: (1) tempera-
ture was set to a given value; (2) aer the temperature was
stabilized, the sample was dried at 0% RH until the mass
change was <0.05% within 30 min; (3) RH was then increased to
a value which was at least 5% lower than the expected DRH
(which could be roughly estimated from experiments described
in Section 2.2) and kept at this level for 60 min; (4) RH was
increased stepwise with an increment of 1% per step until
a signicant increase in sample mass occurred, and at each RH
the sample was equilibrated with the environment for 30 min.
DRH is equal to the RH at which a signicant increase in sample
mass was observed (i.e. the mass increase was signicant
compared to the noise level and baseline dri).

Fig. 2 shows the time series of sample mass and RH in an
experiment to measure DRH of Ca(ClO4)2$4H2O at 298 K. As
shown in Fig. 2, a slow and small decrease in sample mass was
observed when RH was increased from 0% to 16%, suggesting
that gradual loss of residual water, which may be adsorbed by
Fig. 2 Time series of RH and normalized sample mass in a typical
experiment designed to measure DRH of perchlorates. In the experi-
ment shown in this figure, Ca(ClO4)2$4H2O was used and the
temperature was set to 298 K. The shadowed region shows the RH at
which a significant increase in sample mass was first observed due to
deliquescence of Ca(ClO4)2$4H2O.

46868 | RSC Adv., 2017, 7, 46866–46873
the powdered Ca(ClO4)2$4H2O sample, occurred before it was
deliquesced. When RH was increased from 16% to 17% (shad-
owed region in Fig. 2), a signicant increase in sample mass was
observed, suggesting that the DRH of Ca(ClO4)2$4H2O was
measured to be (16.5 � 0.5)% (strictly speaking, between 16%
and 17%). Fig. 2 also reveals that when RH was above the DRH,
further increase in RH would lead to quicker increase in sample
mass, as expected.

3 Results and discussion

In this work we have studied water uptake by Ca(ClO4)2$4H2O,
Mg(ClO4)2$6H2O and KClO4, because previous studies sug-
gested22,32–35 that they are the most stable forms of Ca(ClO4)2,
Mg(ClO4)2 and KClO4 for the temperature range (278–303 K)
covered by our work. Ca(ClO4)2$4H2O, Mg(ClO4)2$6H2O and
KClO4 were provided by Aldrich with stated purity of >99%. All
the chemicals were used as received without any pretreatment.

3.1 DRH of perchlorates

DRH values were determined as a function of temperature from
278 to 303 K for Ca(ClO4)2$4H2O and Mg(ClO4)2$6H2O, and the
results are summarized in Table 1. The DRH ofMg(ClO4)2$6H2O
was found to slightly decrease with increasing temperature,
from (42.8 � 0.6)% at 278 K to (40.5 � 0.5)% at 303 K. DRH of
Mg(ClO4)2$6H2O was measured to be 42% at 273 K by a previous
study by Gough et al.,25 and it increased to 64% when temper-
ature decreased to 223 K. The DRHmeasured at 273 K by Gough
et al.25 is in good agreement with that measured at 278 K in our
work. In addition, our measured DRH values and their depen-
dence on temperature are also consistent with those calculated
using a thermodynamic model25 for temperature in the range of
278–303 K. The thermodynamic model used by Gough et al.25

and Nuding et al.22 was developed by Chevrier et al.24 In brief,
this thermodynamic model, in which the Pitzer ion interaction
model36 was used to calculate activities of water and different
ions, calculated the stability diagram of perchlorates as a func-
tion of solute concentration and temperature.24

For comparison, DRH of Ca(ClO4)2$4H2O is much lower than
that of Mg(ClO4)2$6H2O at the same temperature. In addition,
a weak negative dependence of DRH on temperature was also
observed for Ca(ClO4)2$4H2O, with DRH increasing from (15.5
Table 1 Deliquescence relative humidities (DRH) of Ca(ClO4)2$4H2O
and Mg(ClO4)2$6H2O at different temperatures (278–303 K). All the
measurements were repeated three times, and the stated errors (�1s)
are statistical only

T (K)

DRH (%) DRH (%)

Ca(ClO4)2$4H2O Mg(ClO4)2$6H2O

278 18.5 � 0.5 42.8 � 0.6
283 17.5 � 0.5 42.2 � 0.6
288 17.5 � 0.5 41.5 � 0.5
293 16.5 � 0.5 41.2 � 0.6
298 16.5 � 0.5 40.5 � 0.5
303 16.5 � 0.5 40.5 � 0.5

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Time series of RH and normalized sample mass in an experi-
ment designed to measure the mass hygroscopic growth factors of
KClO4 at 278 K. No significant change in sample mass was observed
when RH was increased from 0% to 95%, suggesting that the DRH of
KClO4 was >95%. Additional experiments were carried out at 298 K,
and the DRH of KClO4 was also found to be >95% at 298 K.
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� 0.5)% to (18.5 � 0.5)% when temperature decreases from 303
to 278 K. The DRH of calcium perchlorate was measured to be
(10� 4)% at 273 K and (55� 4)% at 223 K by Nuding et al.,22 and
the large variation in DRH at different temperatures was sug-
gested to result from the formation of different hydrates at
different temperatures. Our measured DRH (�18.5%) at 278 K
is slightly higher than that measured at 273 K (�10%) by
Nuding et al.22 Furthermore, it appears that compared to DRH
measured by Nuding et al.,22 our reported values agree better
with those predicted by their thermodynamic model.

It is suggested that the dependence of DRH on temperature
can be approximated by the Clausius–Clapeyron equation:37–39

ln½DRHðTÞ� ¼ ln½DRHð298Þ� þ ADHs

R

�
1

T
� 1

298

�
(1)

where DRH(T) and DRH(298) is the DRH at the temperature of T
and 298 K, A is a dimensionless constant dependent on the
solubility of the salt in water, R is gas constant (J mol�1 K�1), and
DHs is the enthalpy of solution (J mol�1). Eqn (1) implies that
plotting ln(DRH) versus 1/T would generates a straight line, with
its slope equal to A DHs/R. This is conrmed by the data shown in
Fig. 3, and the slopes are found to be 587 � 96 K for Ca(ClO4)2$
4H2O and 198 � 18 K for Mg(ClO4)2$6H2O, respectively.

The interaction of water vapor with KClO4 was also explored
at 278 and 298 K. As shown in Fig. 4, KClO4 did not take up
signicant amount of water even when RH was increased from
0% to 95%. This observation suggests that the DRH of KClO4 is
above 95% for the temperature range (278–303 K) covered in our
work. This is qualitatively consistent with the low solubility of
KClO4 in water (�2.1 g KClO4 in 100 g water) at 298 K reported
by Willard and Smith.40
3.2 Mass hygroscopic growth factors of perchlorates

We have further measured the mass hygroscopic growth factors
(dened as the ratio of sample mass at a given RH to that at 0%
RH) as a function of RH at three different temperatures (278,
Fig. 3 Dependence of deliquescence relative humidities (DRH) of (a)
Ca(ClO4)2$4H2O and (b) Mg(ClO4)2$6H2O on temperature in the range
of 278–303 K. As suggested by eqn (1), plotting ln(DRH) versus 1/T
would generate a straight line, and the two red lines represent the
fitted linear lines.

This journal is © The Royal Society of Chemistry 2017
288 and 298 K). The results are compiled in Table 2. To our
knowledge, the amount of water associated with Ca(ClO4)2$
4H2O under well controlled conditions has never been reported,
and quantitative information for Mg(ClO4)2$6H2O is also very
limited.

As shown in Table 2 and Fig. 5, Ca(ClO4)2$4H2O undergoes
deliquescence when RH was increased from 10% to 20%, and
deliquescence occurred for Mg(ClO4)2$6H2O when RH was
increased from 40% to 50%. This is consistent with their
measured DRH values (see Section 3.1). Aer deliquesced, both
Ca(ClO4)2$4H2O and Mg(ClO4)2$6H2O could take up signicant
amount of water under subsaturated conditions. For example,
due to absorption of water vapor from the gas phase at 298 K,
the mass of Ca(ClO4)2$4H2O was increased by�44% at 50% RH,
�77% at 70% RH, and �190% at 90% RH, respectively,
compared to the initial mass at 0% RH. It is also observed that
at a given RH, decrease in temperature will increase the
amounts of water associated with deliquesced Ca(ClO4)2$4H2O
and Mg(ClO4)2$6H2O. Toner et al.41 showed that from a ther-
modynamic point of view, for a given solute concentration,
decrease in temperature would lead to decrease in water
activity; in other words, for the same water activity (i.e. at a given
RH), decrease in temperature would cause decrease in solute
concentration, and thus increase inmass ratio of water to solute
ratio and increase in mass growth factors. Therefore, our
experimental measurement is consistent with theoretical
prediction by Toner et al.41

Water to solute ratio (WSR), dened as the molar ratio of
H2O to ClO4

�, can be calculated from the measured mass
hygroscopic growth factors, and the results are displayed in
Fig. 6. Note that RH in Fig. 6 is plotted on the scale of 0–1
instead of 0–100%. Aqueous water in the solution formed due to
deliquescence of Mg(ClO4)2$6H2O or Ca(ClO4)2$4H2O comes
from two sources: (i) water absorbed from the gas phase and (ii)
RSC Adv., 2017, 7, 46866–46873 | 46869

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08366a


Table 2 Mass hygroscopic growth factors (defined as the ratio of the sample mass at a given RH to that at 0% RH) of Ca(ClO4)2$4H2O and
Mg(ClO4)2$6H2O as a function of RH at 278, 288 and 298 K. Measurements at 298 K were repeated three times to ensure the reproducibility, and
the shown errors (�1s) are statistical only. Only one measurement was carried out for each of other conditions, because the reproducibility at
298 K was very good and duration of each individual measurement was rather long at 278 and 288 K (typically 4–7 days)

RH (%)

Ca(ClO4)2$4H2O Mg(ClO4)2$6H2O

298 K 288 K 278 K 298 K 288 K 278 K

0 1.0000 � 0.0001 1.0000 1.0000 1.0000 � 0.0001 1.0000 1.0000
10 0.9998 � 0.0002 0.9998 0.9997 0.9996 � 0.0001 0.9995 0.9996
20 1.1573 � 0.0326 1.1988 1.2122 0.9991 � 0.0003 0.9991 0.9993
30 1.2434 � 0.0355 1.2872 1.3021 0.9988 � 0.0003 0.9988 0.9990
40 1.3352 � 0.0377 1.3830 1.4001 0.9990 � 0.0009 0.9985 0.9988
50 1.4419 � 0.0406 1.4942 1.5148 1.4407 � 0.0070 1.4473 1.4631
60 1.5778 � 0.0436 1.6364 1.6585 1.5788 � 0.0074 1.5868 1.6085
70 1.7714 � 0.0463 1.8392 1.8664 1.7767 � 0.0081 1.7902 1.8132
80 2.1004 � 0.0499 2.1895 2.2325 2.1184 � 0.0094 2.1401 2.1852
90 2.9241 � 0.0349 3.0777 3.2687 2.9876 � 0.0132 3.0677 3.2277
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water released by Mg(ClO4)2$6H2O or Ca(ClO4)2$4H2O once
dissolved. It can be concluded that aer both salts were deli-
quesced (for RH at 50% and above), more water (�10% on
average) was associated with Mg(ClO4)2$6H2O than Ca(ClO4)2$
4H2O on the per mole ClO4

� base. A recent thermodynamic
model study42 suggests that for a given perchlorate concentra-
tion in molality (mol kg�1), water activity of Mg(ClO4)2 solution
is slightly larger than that for Ca(ClO4)2. Since water activity
decreases with solute concentration, this implies that for
a given water activity, the molality concentration is smaller for
Mg(ClO4)2. In other words, the theoretical work by Toner et al.42

also suggested that at a given RH more water is associated with
Mg(ClO4)2 than Ca(ClO4)2 on the per mole ClO4

� base.
As shown in Fig. 6, the dependence of WSR on RH at 298 K

for both Ca(ClO4)2$4H2O and Mg(ClO4)2$6H2O can be tted
using the following polynomial equation:43
Fig. 5 Mass hygroscopic growth factors of (a) Ca(ClO4)2$4H2O and (b)
Mg(ClO4)2$6H2O as a function of RH at 278 (triangles) and 298 K
(squares). Measurements were also carried out at 288 K, and the results
are not displayed in this figure for better readability (but included in
Table 2).

46870 | RSC Adv., 2017, 7, 46866–46873
WSR ¼ k0 + k1RH + k2RH
2 + k3RH

3 + k4RH
4 (2)

It is further found that the WSR data at 288 and 278 K can
also be tted using eqn (2), and the polynomial coefficients
obtained are summarized in Table 3 for both salts at three
different temperatures.

At 20% RH Ca(ClO4)2$4H2O was deliquesced to form a solu-
tion with WSR of �3.82, which should be slightly larger than
that for saturated solution (a saturated solution should be
formed at the RH equal to DRH, which was determined to be
�16.5% at 298 K). Similarly, when RH increased from 40% to
50%, Mg(ClO4)2$6H2O underwent deliquescence and formed
a solution with n(H2O)/n(ClO4

�) of �7.26, which should also be
slightly larger than that for saturated solution. The solubility
was determined to be 188.6 g per 100 g H2O for anhydrous
Ca(ClO4)2 and 99.6 g per 100 g H2O for anhydrous Mg(ClO4)2 at
Fig. 6 Water to solute ratio (WSR), defined as the molar ratios of H2O
to ClO4

�, as a function of RH for Ca(ClO4)2$4H2O and Mg(ClO4)2$
6H2O after deliquescence at 298 K. The two curves show the poly-
nomial fittings to the experimental data, as described by eqn (2).

This journal is © The Royal Society of Chemistry 2017
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Table 3 Polynomial coefficients obtained when using eqn (2) to fit the WSR data measured in this work as a function of RH for Ca(ClO4)2$4H2O
and Mg(ClO4)2$6H2O at three different temperatures. Note that in this work WSR is defined as the molar ratio of H2O to ClO4

� in deliquesced
salts

T (K) k0 k1 k2 k3 k4 Valid RH range

Ca(ClO4)2$4H2O
298 8.982 �68.613 280.385 �431.422 241.907 0.2–0.9
288 10.027 �76.214 309.064 �474.868 265.622 0.2–0.9
278 12.644 �102.880 406.286 �619.776 341.669 0.2–0.9

Mg(ClO4)2$6H2O
298 174.765 �1103.441 2676.955 �2855.798 1147.936 0.5–0.9
288 207.530 �1309.148 3157.012 �3349.155 1336.810 0.5–0.9
278 228.714 �1455.690 3534.575 �3775.969 1515.893 0.5–0.9
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298 K,40 corresponding to WSR of 3.52 for saturated Ca(ClO4)2
solution and 6.22 for saturated Mg(ClO4)2 solution. Therefore,
our measured WSR values are consistent with those derived
from solubility measurements. Zhang and Chan et al.27 utilized
an electrodynamic balance coupled with Raman spectroscopy to
determine water to solute molar ratios as a function of RH at
room temperature. Comparison of our results at 298 K with
those presented graphically by Zhang and Chan27 suggests
a reasonably good agreement.
Fig. 7 Schematic diagram of the vapor sorption analyzer used in this
work. MFC1, MFC2 and MFC3 were mass flow controllers.
4 Conclusions and implications

The deliquescence behaviors of perchlorates under subsatu-
rated conditions are suggested to be the reason why liquid water
can exist in some hyperarid regions on the earth. In this study
we have measured the DRH of Ca(ClO4)2$4H2O, Mg(ClO4)2-
$6H2O and KClO4 in the temperature range of 278–303 K. While
the DRH of KClO4 is above 95%, Ca(ClO4)2$4H2O and
Mg(ClO4)2$6H2O are found to deliquesce at much lower RH.
More specically, the DRH of Mg(ClO4)2$6H2O decreases from
(42.8� 0.6)% at 278 K to (40.5� 0.5)% at 303 K, and it decreases
from (18.5 � 0.5)% at 278 K to (15.5 � 0.5)% at 303 K for
Ca(ClO4)2$4H2O, both exhibiting a slightly negative dependence
on temperature. Therefore, our work conrms that liquid water
can exist as perchlorate solutions at temperatures relevant for
the earth even when RH is much lower than 100%.

More importantly, we have quantitatively measured the
amount of water associated with Ca(ClO4)2$4H2O and
Mg(ClO4)2$6H2O as a function of RH at 278–298 K. It is found
that when both salts are deliquesced, under the same condition
more water (�10% on average) is associated with Mg(ClO4)2$
6H2O than Ca(ClO4)2$4H2O on the per mole ClO4

� base. Our
work would signicantly improve our knowledge in hygroscopic
properties of perchlorates, and therefore could help us better
understand the hydrological cycles in some hyperarid environ-
ments on the earth, such as the Atacama Desert in Chile.

Most of the time the Mars is extremely cold with typical
temperature at 200–220 K; however, the temperature around the
Martian equator in the summer can reach >280 K,21 overlapping
with the temperature range our current work covers. Therefore,
our work may also be relevant for the possible existence of
liquid water on the Mars. In addition, experiments at Martian
This journal is © The Royal Society of Chemistry 2017
relevant temperatures are difficult and thermodynamic models
are widely used for prediction and interpretation;9,24,25 as
a result, the comprehensive and systematical dataset obtained
at 278–303 K for Mg(ClO4)2$6H2O, Ca(ClO4)2$4H2O and KClO4

in our work could be used to constrain and verify these ther-
modynamic models. We are also developing a new instrument
which would be able to measure hygroscopicity of perchlorates
at much lower temperatures.
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