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We have studied the adsorption properties of Xe and Kr in a highly microporous hydrogen-bonded organic

framework based on 1,3,5-tris(4-carboxyphenyl)benzene, named HOF-BTB. HOF-BTB can reversibly

adsorb both noble gases, and it shows a higher affinity for Xe than Kr. At 1 bar, the adsorption amounts

of Xe were 3.37 mmol g�1 and 2.01 mmol g�1 at 273 K and 295 K, respectively. Ideal adsorbed solution

theory (IAST) calculation predicts selective separation of Xe over Kr from an equimolar binary Xe/Kr

mixture, and breakthrough experiments demonstrate the efficient separation of Xe from the Xe/Kr

mixture under a dynamic flow condition. Consecutive breakthrough experiments with simple

regeneration treatment at 298 K reveal that HOF-BTB would be an energy-saving adsorbent in an

adsorptive separation process, which could be attributed to the relatively low isosteric heat (Qst) of

adsorption of Xe. The activated HOF-BTB is very stable in both water and aqueous acidic solutions for

more than one month, and it also shows a well-preserved crystallinity and porosity upon water/acid

treatment. Besides, HOF-BTB adsorbs about 30.5 wt%, the highest value for HOF materials, of water

vapor during the adsorption–desorption cycles, with a 19% decrease in adsorption amounts of water

vapor after five cycles.

1. Introduction

Hydrogen-bonded organic frameworks (HOFs) are a new class

of porous crystalline material purely composed of multiple

hydrogen bonding interactions and other non-covalent inter-

actions like p–p stacking.1,2 Compared to coordination or

covalent bonds, the hydrogen bond is generally weak and

reversible, resulting in low rigidity. Nevertheless, the synergistic

effect of multiple hydrogen bonding and p–p stacking between

organic linkers in the HOF's building unit makes it stable even

aer the removal of guest solvent molecules or even in an

aqueous environment.3,4 Over the past decade, they have

attracted increasing interest with their applications including

gas adsorption and separation,5–8 proton conduction,9 and

sensing.10

Aer the rst discovery of Kr and Xe in the late 19th century,

the exploitation of these ‘noble’ gases has widely expanded from

small bulbs, display, and laser industry to state-of-art

machinery, medical instruments, and space industry.11,12

However, their production technique still stays in the conven-

tional cryogenic method, which consumes much energy to cool

down both gases in the air. Utilizing porous materials has been

suggested as one of the effective ways to separate Xe from Kr.13,14

Hence, selective adsorption/separation properties for various

porous materials including charcoal, zeolites, zeolitic imida-

zolate frameworks (ZIFs), metal–organic frameworks (MOFs),

and covalent organic frameworks (COFs)15–21 have been reported

to date. For example, Ag@MOF-74-Ni showed a remarkable

ability to separate Xe from Kr.21 For inert gas separation in

metal-free materials, mostly considered factors are uniformity

of the pore structure and pore size adjusted for Xe or Kr

atom.22–24 These factors predominantly affect the adsorption

properties in porous carbons, COFs, organic cage, and even in

several MOFs. For example, metal-free porous materials, such

as activated carbon, CC3 (organic cages), and IISERP-POFs

(porous organic frameworks), have shown quite comparable

or even better Xe/Kr absorptivity and selectivity than

MOFs.15,20,25 In our previous work, we reported the highly

microporous HOFmaterial based on 1,3,5-tris(4-carboxyphenyl)

benzene, named HOF-BTB,8 which showed efficient selective

separations of C2 hydrocarbon/CH4 binary gas mixtures in HOF-

BTB. This selective separation is mainly due to strong van der

Waals interaction between HOF-BTB and C2 hydrocarbons.

Since van der Waals interaction between the framework of HOF-
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BTB and noble gases is expected to be the most crucial factor for

adsorption,26,27 the results suggest that HOF-BTB would be

a useful candidate for selective separation of noble gas

mixtures.

Adsorption of water vapor is another important topic in an

environmental or industrial area. In dry regions, the study for

collecting fresh water at the low humidity level is much in

demand. On the other hand, in manufacturing devices that are

moisture-sensitive, a small amount of vapor or water could

interrupt the proper operation.28 To achieve practical progress

in water harvest or humidity control, porous materials have

been studied as adsorbents due to their potential for high

working capacity. Several computational screenings and exper-

iments on carbon materials, MOFs, and COFs show that MOF-

801 and mesoporous MOF Co2Cl2(BTDD) gave an impressive

performance under desert conditions.28–33 For most porous

materials, however, water stability is a challenging problem

because their structures are occasionally deformed to lose their

functionalities under moisture, resulting in the limitation in

practical applications.34,35 Especially MOFs with open metal

sites suffered from water adsorption, and quite a number of

MOFs having good performance are still facing huddles with

water sensitivity.16,21,23,36 Interestingly, several HOFs are known

to be more durable than MOFs and COFs in a humid environ-

ment or even in water.7,10,37–40 However, the study on water vapor

adsorption in HOFs remains rare.

Herein, we report single-component adsorption–desorption

properties of both Xe and Kr in the microporous HOF-BTB. The

adsorption amounts of Xe is comparable to most reported

MOFs and porous organic materials. Breakthrough experiments

of an equimolar binary mixture of Xe/Kr reveal that HOF-BTB

selectively separates Xe from Kr under a dynamic mixture ow

condition. To the best of our knowledge, this study provides the

rst example of selective separation of Xe from Kr in HOF

materials. Besides, HOF-BTB not only is very stable in both

water and aqueous acidic solutions for more than one month

but also shows a maximum adsorption capacity of about

30.5 wt% for water vapor during the adsorption–desorption

cycles. More interestingly, it preserves crystallinity and perma-

nent porosity even aer the adsorption of water vapor. These

results suggest that HOF-BTB would be a promising candidate

for real-world application in effective dehydration under

ambient conditions.

2. Experimental section
2.1 General considerations

HOF-BTB was synthesized as the previous report.8 All chemicals

were purchased and used without additional purication. 1,3,5-

tris(4-carboxyphenyl)benzene (H3BTB) was dissolved in N,N-

dimethylformamide (DMF) in a hot oven, and cooled down in

a refrigerator to get H3BTB-DMF crystals. Aer decanting the

mother solution, these crystals were dried in air and then

soaked into methanol. This methanol solution was heated in an

oven at 50 �C, producing HOF-BTB crystals in 24 hours. All

powder X-ray diffraction (PXRD) patterns were recorded by

a Bruker D2 Phaser diffractometer operated at 30 kV and 10 mA

with a scan rate of 0.2 deg s�1.

2.2 Adsorption–desorption experiments

Adsorption–desorption isotherms of Xe and Kr were measured

using the standard volumetric procedure on the BELSORP-Mini

II adsorption measuring system (BEL Japan, Inc), which was

equipped with a temperature control unit. For water vapor

adsorption–desorption measurements, the standard volumetric

procedure on the BELSORP-Max low-pressure gas adsorption

measuring system (BEL Japan, Inc) was used. Adsorption–

desorption cycles of water vapor were done without re-activation

of the HOF-BTB sample between each run. At least 50 mg of the

crystals were pretreated at 393 K under vacuum for 15 hours

before adsorption measurements. All the adsorption data were

manipulated by BEL-Master soware provided by BEL Japan

Inc.

2.3 Fitting of isotherms and ideal adsorbed solution theory

calculations41–43

The parameters for ideal adsorbed solution theory (IAST)

selectivity calculations were determined by tting the pure

single-component isotherms using the single-site Langmuir–

Freundlich model, purely based on the best t with highest

adjusted R2-values. The single-site Langmuir–Freundlich equa-

tion is given as follows:

q ¼
qsat � b� p1=n

1þ b� p1=n
(1)

where n represents the deviation from an ideal homogeneous

surface. The parameters qsat, b, and n can be extracted by tting

the experimental adsorption isotherms (q versus p). They are

then used to calculate IAST selectivity. The adsorption selec-

tivity (Sads) for a binary gas mixture of components 1 and 2 is

dened as:

Sads ¼
q1=q2
p1=p2

(2)

where qi is the molar loading of the species i and pi is the partial

pressure of species i. The integrals were computed at the web-

site http://integrals.wolfram.com, and the adsorbed phase

composition that minimized the difference between the inte-

grals of the two spreading pressures was found at the website

http://www.wolframalpha.com. Selectivities were then calcu-

lated according to eqn (2).

2.4 Breakthrough experiments

The breakthrough experiment of HOF-BTB for mixture gas

separation was performed in a custom-built xed bed equip-

ment (Scheme S1†). The gas ow rates were regulated by three

mass ow controllers (0–100 ml min�1) (Bronkhorst, Germany),

where two of them were used for making combinations of Xe/Kr

streams, and the last one was used for He stream. First, the He

stream was used for the in situ regeneration of the adsorbent

packed in the column, which is placed in a ventilated thermo-

statted oven for measurements at a constant temperature.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 36808–36814 | 36809
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Secondly, the He ow was mixed with the Xe/Kr gas mixture to

adjust the total pressure. A mass spectrometer (Extrel Max300-

LG, USA) was used to measure the effluent gas composition

from the column. The detailed description of breakthrough

experimental setup and procedures can also be found else-

where.44,45 500–1000 mm of binderless HOF-BTB pellets was

prepared by using a carver press (Carver, Inc., USA). These

pellets were activated at 393 K for 15 hours under vacuum and

then packed into a stainless-steel column (15 cm � 0.44 cm).

The remainder of the column was lled with glass beads with

a diameter of 750 mm. Before the breakthrough experiments, the

column was degassed by a He ow of 40 ml min�1 at 393 K for 2

hours to remove all the impurities adsorbed during the packing

procedure. All the experiments were carried out at 298 K and 1

bar. Before each measurement, a He ow of 40 ml min�1 at 298

K was introduced into the column for at least 10 min. Simul-

taneously, a feed mixture for a breakthrough run was prepared

as follows: a 20 ml min�1 of He ow was combined with a 20

ml min�1 of equimolar Xe/Kr and then mixed well with each

other by owing through a gasmixer. It should be noted that the

obtained mixture can be considered as equimolar Xe/Kr at 0.5

bar. At t ¼ 0, the He ow for in situ regeneration was stopped

and the ow of the feed mixture was introduced into the packed

column.

2.5 Computational methods

Geometry based analysis was conducted by Zeo++ (0.3 version)

package.46–48 To describe the pore structure or void structure of

HOF-BTB, the crystal structure of HOF-BTB with P1 symmetry

was used. Largest cavity diameter (LCD), pore limiting diameter

(PLD), and channel dimensionality were calculated with a high

accuracy setting, and an atomic radius was adopted from the

Cambridge Crystallography Data Center (CCDC) as default.

Probe radius of 1.4 Å was used for channel dimensionality

calculation.

3. Results and discussion
3.1 Adsorption of Xe and Kr

HOF-BTB was prepared as the previous report, followed by

thermal activation at 393 K for 15 hours in vacuum for gas

adsorption experiments.8 In order to evaluate the adsorption

properties for noble gases, we performed the adsorption

experiments for Xe and Kr at 273 K and 295 K up to 1 bar. Fig. 1a

shows their adsorption–desorption isotherms at both temper-

atures. All adsorption isotherms are fully reversible in HOF-

BTB, indicating that the physisorption process may govern the

adsorption of both gases in HOF-BTB. At 1 bar of Xe pressure,

HOF-BTB can take up 3.37 mmol g�1 and 2.01 mmol g�1 of Xe

gas at 273 K and 295 K, respectively. These Xe uptakes are found

to be comparable with those of carbon-based porous materials

such as CC3 (2.4 mmol g�1, 295 K) and IISERP-POF8 (1.72 mmol

g�1, 298 K).20,25 Compared with MOFs, its uptake amounts of Xe

is considerably lower than those of MOFs with active open-

metal sites, such as Ni-MOF-74 (3.6–4.8 mmol g�1).15,21

However, HOF-BTB adsorbs Xe as much as other representative

MOFs without open-metal sites, such as Co3(HCCO)6 (2 mmol

g�1), IRMOF-1 (2 mmol g�1) and CROFOUR-1-Ni (1.8 mmol

g�1).49–52 In contrast to the Xe uptakes, Kr uptake capacities of

HOF-BTB are far less than those of Xe at both temperatures,

with the values of 0.672 mmol g�1 and 0.416 mmol g�1 at 273 K

and 295 K, respectively. Higher adsorption of Xe in HOF-BTB

could be attributed to the larger polarizability of Xe compared

to Kr,22,36,51,53 resulting in the higher affinity of Xe to the surfaces

of BTB-HOF. Fig. 1b shows loading dependent isosteric heats

(Qst) of adsorption calculated based on adsorption isotherms at

273 K and 295 K by using the virial method (Fig. S1 and S2†).

The loading dependent Qst of Xe is larger than that of Kr, which

indicates that the stronger interaction between Xe and the pore

surfaces of HOF-BTB than that of Kr and HOF-BTB. For both

gases, the values of Qst remain almost constant through the

whole loading ranges. Thus, the pore surface of HOF-BTB is

considered to be homogeneous. The Qst value of Xe at zero limit

surface coverage is estimated to be 18.7 kJ mol�1, which falls in

the ideal range (i.e., 17.5 to 35 kJ mol�1) for efficient separation

of Xe/Kr mixture proposed by Tong and coworkers.19 For Kr

adsorption, the Qst of Kr is calculated to be 14.3 kJ mol�1, lower

than that of Xe, indicative of weaker binding of Kr than Xe in

HOF-BTB.

To analyze the selective separation ability of Xe from binary

Xe/Kr mixture, the pure single-component isotherms of Xe and

Kr were tted with the Langmuir–Freundlich isotherm model

(Fig. S3–S6†).42 Then, we used ideal adsorbed solution theory

(IAST)43 to predict the separation selectivity of binary Xe/Kr gas

mixture (50 : 50) at 273 K and 295 K. The IAST calculation

predicts that HOF-BTB could allow selective separation of Xe

over Kr from the binary Xe/Kr gas mixture. Fig. 2a shows the

IAST-predicted Xe/Kr selectivity up to 1 bar of total gas pressures

at 273 K and 295 K. Since the IAST prediction on the gas mixture

behavior is based on the adsorption equilibrium, it cannot

reect the mixture behavior in terms of adsorption kinetics.

Hence, we carried out dynamic breakthrough experiments to

evaluate the potential of HOF-BTB for the adsorptive separation

of Xe/Kr mixture under dynamic ow conditions. Fig. 2b shows

experimental breakthrough curves of Xe/Kr mixture on

a column packed with HOF-BTB pellets at 298 K. Kr gas elutes

rst from the column, whereas Xe is retained in the column.

This indicates that HOF-BTB primarily adsorbs Xe rather than

Kr, resulting in efficient separation of Xe over Kr under dynamic

ow conditions. Energy-saving regeneration of the used adsor-

bent is an important factor for the practical operation of an

adsorptive separation process. Aer performing a breakthrough

experiment, we regenerated the column by simply purging it for

10 min under a He ow of 40 ml min�1 at 298 K. As displayed in

Fig. 2b, essentially identical breakthrough curves were obtained

during the three consecutive cycles, which is remarkable

because the regenerations were performed under mild condi-

tions without heating the column. This energy-saving regener-

ation condition could be attributed to the relatively small Qst

value for Xe adsorption. To the best of our knowledge, this is the

rst example of selective separation of Xe from Kr in HOF

materials.

36810 | RSC Adv., 2019, 9, 36808–36814 This journal is © The Royal Society of Chemistry 2019
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Further studies on the channel structure were carried out to

understand adsorption behavior and selectivity of HOF-BTB.

For Xe/Kr selectivity, characteristics of the pore structure are

known to be one of the crucial factors. Thus, we calculated the

largest cavity diameter (LCD) and pore limiting diameter (PLD)

of HOF-BTB using open source Zeo++ code (0.3 version).46,47

LCD and PLD of HOF-BTB were estimated to be 9.80 Å and 5.93

Å, respectively. Both void structure and LCD/PLD calculation

showed that HOF-BTB has one type of one-dimensional chan-

nels, with 5.93 Å of the narrowest diameter along the channel

path to 9.80 Å of the widest diameter along the channel path.

According to Sikora et al., the ratio of LCD/PLD correlates with

Xe/Kr selectivity: the lower ratio of LCD/PLD (within 1 and 2,

ideally 1), the higher Xe selectivity.23 They also proposed that the

LCDs should be within the range of 4.1 Å �8.2 Å, corresponding

to the 1–2 times of atomic Xe (4.1 Å), to achieve the effective

separation selectivity of a Xe/Kr mixture. The calculated LCD/

PLD ratio (1.65) of HOF-BTB falls in this range, and the calcu-

lated LCD value (9.80 Å) of HOF-BTB is a little larger than the

upper limit (8.2 Å).

3.2 Stability in water and acid solutions

One of the challenging tasks of porous crystalline materials is to

enhance stability to moisture. Some HOF materials have been

reported to have higher stability under exposure to moisture or

in water.38–40 To evaluate the stability of HOF-BTB in the pres-

ence of water, we immersed as-prepared HOF-BTB crystals, as

well as thermally activated crystals, into distilled water for

a month. All observed PXRD patterns of both HOF-BTB crystals

are in good agreement with the simulated PXRD pattern (Fig. 3a

and S7†). The HOF-BTB crystals maintain crystallinity in water

for three months. We further tested the stability of HOF-BTB

crystals in three aqueous acidic solutions, 1 N solution of

HCl, H2SO4, and H3PO4, respectively. Similarly, all observed

PXRD patterns of HOF-BTB soaked in the acidic solutions for

a month are well-matched with that of the as-prepared one

(Fig. 3a), indicating that no signicant deformation or

destruction of crystal structures occurred in the acidic solutions

for a month. To conrm a permanent porosity of activated HOF-

BTB aer water/acid treatment, we measured N2 adsorption

Fig. 1 (a) Xe and Kr adsorption–desorption isotherms at 273 K and 295 K. (b) Loading dependent isosteric heat (Qst) of adsorption for Xe and Kr.

The Qst were calculated from adsorption isotherms obtained at 273 K and 295 K by the virial method.

Fig. 2 (a) The IAST-predicted pressure dependent binary Xe/Kr mixture separation selectivity of HOF-BTB. (b) The experimental breakthrough

curves at three consecutive cycles for a packed-bed filled with HOF-BTB pellets at 298 K. The total pressure of binary Xe/Krmixture is 0.5 bar. For

each run, 20 ml min�1 of He flow was mixed with the equimolar mixture of Xe/Kr (20 ml min�1).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 36808–36814 | 36811
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isotherms at 77 K. While the specic surface area of activated

HOF-BTB without any treatment is 1050 m2 g�1, all the

measured surface areas of activated HOF-BTB samples

immersed in water, HCl, H2SO4, and H3PO4 for a week

decreased to 865 m2 g�1, 846 m2 g�1, 874 m2 g�1, and 730 m2

g�1 (Fig. 3b). The decrease in the surface areasmay be due to the

partial collapse of the HOF-BTB frameworks in each solution. In

water, aer three months, activated HOF-BTB still preserves

crystallinity (Fig. S8†). However, specic surface area of HOF-

BTB decreased further to 816 m2 g�1 even aer one month

(Fig. S9†). In the case of activated HOF-BTB in the acid solu-

tions, the residual ions in the pore might cause a decrease in the

surface areas as well as the partial collapses of the frameworks.

3.3 Water vapor adsorption

Though some HOFs are known to have good water stability,

water vapor adsorption properties of HOF materials have been

rarely reported. Water vapor adsorption–desorption isotherms

of HOF-BTB were depicted in Fig. 4a, for 298 K and 308 K. While

HOF-BTB has no initial uptake of water vapor up to P/P0z 0.40

at 298 K, it starts to adsorb water vapor above P/P0 z 0.40.

Similarly, the adsorption amount of water vapor is negligible

less than P/P0z 0.40 at 308 K. At P/P0 ¼ 0.9, HOF-BTB adsorbed

304.6 mg g�1 of water vapor at 298 K and 252.2 mg g�1 at 308 K.

These water vapor uptakes of HOF-BTB is much higher than

that of the recently reported porphyrin based HOF, TCPP-1,3-

DPP (91 mg g�1 at 298 K).40 Though its uptake is smaller than

that of representative porous materials such as MOF-808, Cr-

MIL-101, MCM-41, TpBpy, and CPOP-9, it is comparable to

materials with similar surface areas.54–57 For example, NU-POP-

1, CE-1, and MOF-801 P (with the surface area of 950 cm3 g�1,

960 cm3 g�1, and 990 cm3 g�1, respectively) showed uptakes of

230 mg g�1, 220 mg g�1, and 362 mg g�1, respectively.54,58,59 The

adsorption isotherm is type V, with a negligible hysteresis loop.

The steep inection point appeared at P/P0 z 0.45 for both

temperatures, indicating that HOF-BTB has hydrophobic

nature, which would be originated from the contribution of

aromatic rings in the H3BTB ligand. Small hysteresis could be

explained with micropore characteristics of HOF-BTB.60 The

steep increase in the water uptake within a narrow range is

regarded as the desired feature for cyclic water harvesting. In

Fig. 3 (a) Powder X-ray diffraction patterns of activated HOF-BTB crystals after one month in water, 1 N HCl, 1 N H2SO4, and 1 N H3PO4. (b) N2

adsorption isotherms at 77 K in water, 1 N HCl, 1 N H2SO4, and 1 N H3PO4, for one week.

Fig. 4 (a) Adsorption–desorption isotherms of water vapor in activated HOF-BTB crystals, at 298 K and 308 K. (b) Adsorption–desorption cycles

for activated HOF-BTB, both adsorption and desorption at 298 K.
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terms of energy efficiency, reversible adsorption–desorption of

water vapor, without any hysteresis within a narrow range of P/

P0, is energetically favorable for application in water

harvesting.32

To evaluate its durability and stability upon water adsorp-

tion–desorption cycles, we conducted ve consecutive adsorp-

tion–desorption cycles at 298 K. At every cycle, the adsorption

amount of water gradually decreased, but it shows almost the

same adsorption amounts in the fourth and h cycles

(Fig. 4b). Aer the h cycle, HOF-BTB could adsorb 80.9% of

the adsorption amount of the rst cycle, unlike MOF-808 or

MOF-74 that showed drastically decreased uptakes aer the

h cycle.54 All isotherms obtained at each adsorption–

desorption cycle show the reversible type V, without changing

the inection point (Fig. S10†). Along with long term stability in

water and aqueous acid solutions, this cyclable water adsorp-

tion properties of HOF-BTB would be an advantageous aspect

for industrial use.

4. Conclusions

We have studied the adsorption properties of Xe and Kr in

a highly microporous HOF-BTB. HOF-BTB reversibly adsorbs Xe

and Kr with a higher affinity for Xe than Kr. The small isosteric

heats of adsorption indicate that the physisorption is likely to

govern the adsorption of Xe and Kr in HOF-BTB. As predicted by

IAST, the breakthrough experiments reveal that HOF-BTB can

selectively separate Xe over Kr from the equimolar binary

mixture of Xe/Kr under a dynamic ow condition. Furthermore,

easy regeneration of the column packed with HOF-BTB at 298 K

without loss of separation selectivity during the consecutive

breakthrough experiments indicates that HOF-BTB would be an

energy-saving adsorbent in an adsorptive separation process.

The activated HOF-BTB is very stable in both water and aqueous

acidic solutions for more than one month, and it also shows

a well-preserved crystallinity and porosity upon water/acid

treatment. Besides, HOF-BTB can adsorb water vapor during

the adsorption–desorption cycles. We anticipate that HOF-BTB

will become the promising and energetically favorable adsor-

bent in applications relating to dehydration processes.
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