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Abstract: In this work, zeolitic imidazolate framework-8 (ZIF-8), a subclass of metal organic
frameworks (MOFs), was dispersed in a water-glycol solution to form a porous slurry. Using this
porous slurry, a tail gas mixture containing hydrogen/propylene was separated. Experiments
were performed to investigate the effects of using only the solid ZIF-8 material, a ZIF-8/water
slurry, a ZIF-8/glycol slurry, or a ZIF-8/water-glycol slurry on the selectivity of the separation.
The experimental results show that the slurry made from ZIF-8/water-glycol (20%) achieves good
gas separation. The respective influences of the solid content, initial pressure, and temperature on the
separation performance were also investigated in detail. We found that lower temperature, a ZIF-8
mass fraction of 20 wt %, and a higher operation pressure are suitable for the recovering of hydrogen
from a H2/C3H6 mixture. The selectivity of C3H6 over H2 reaches 128 at 680 kPa initial pressure.
The slurries were completely reusable for at least three cycles. The structure of the ZIF-8 material
was not altered after repeated separation, meaning the material can likely be reused more than three
times on an industrial scale.
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1. Introduction

As more concerted efforts to combat global warming and protect the environment are being
made [1–7], the development of clean energy has become more prominent. Hydrogen is a versatile
secondary energy carrier produced from renewable energy sources and must be made into a sufficient
fuel source to replace traditional non-renewable energy sources like fossil fuels. Hydrogen can not
only be used for energy production but is also employed in refineries for catalytic hydrogenation [8],
hydrodesulfurization, hydrocracking, and the saturation of aromatic and olefin-containing compounds.
Hydrogen is also used for the large-scale production of ammonia and, in some cases, methanol [9].
The demand for hydrogen is expected to increase in both the near and long terms, and, therefore,
an effective hydrogen purification method is required. Many different approaches have been proposed
for hydrogen production, but producing hydrogen from fossil fuels is by far the most common and
commercially viable method [10,11]. Recently, hydrogen production via steam reforming processes
from fossil fuel sources like propane, propene, isopropanol, and acetone was investigated [12–14],
and a propylene byproduct was found among the products. If not separated immediately, propylene
and hydrogen can react to form propane, a less desirable product. Therefore, the effective separation
of C3H6 from H2 is an important consideration for the energy and petrochemical industries.
To date, various separation methods, including adsorption [15], membrane processes [16,17],
cryogenic fractionation [18], and hydrate technology [19], have been used to separate hydrogen
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from propylene [20]. However, these methods have several shortcomings such as high corrosion,
materials cost, and energy requirements, and low capacity.

In recent years, porous liquids have attracted widespread attention because of their permanent
pores and flowability. James et al. [21] categorized porous liquids into three types. Type 1 is a pure
liquid possessing empty cavities that can adsorb CH4 or other inert gases [22]. Type 2 represents
the dissolution of empty molecular hosts into an ionic liquid that cannot enter the host cavity of the
molecules [23,24]. Type 3 involves the dispersion of a porous material in a liquid media, where the
liquid molecules are distributed outside the pore networks [25,26]. In this paper, we will show that
we can effectively separate H2 from a mixture with propylene using a Type 3 porous slurry [25,27,28].
The porous slurry was made of solid zeolitic imidazolate framework-8 (ZIF-8) [29,30], a subclass of
metal organic frameworks (MOFs) [31–35], which were dispersed into a solvent mixture of water
and glycol. Using a porous slurry as the separation adsorbent is advantageous because the slurry is
recyclable and can be reused after gas desorption under vacuum. In addition, unlike the adsorbents [36]
commonly used in physisorption, the porous slurry can be easily handled by process engineers
because it can flow and, therefore, be pumped. Another advantage is that, unlike hydrate technology,
which requires extremely low temperatures [19,37], this method can be applied at relatively moderate
temperatures while still producing a reasonably high hydrogen recovery rate.

2. Materials and Methods

2.1. Materials

Glycol (C2H6O2) of analytical grade and ZIF-8 were purchased from Sigma-Aldrich. Hydrogen
(99.99%) and propylene (99.99%) were purchased from Beijing AP Beifen Gases Industry Company
Limited. The feed gas mixtures were made by our laboratory with a composition of 65 mol % hydrogen
and 35 mol % propylene, which was selected to simulate a tail-gas mixture for technologies involving
the dehydrogenation of propane to propylene. The mole concentration of the feed gas and the
equilibrium gas mixtures were measured by a Hewlett-Packard 7890 gas chromatograph. Distilled
water (the conductivity less than 10−4 S/m) was prepared in our laboratory.

2.2. Experimental Apparatus

The experimental setup for measuring the separation performance is shown in Figure 1. A detailed
description of both the apparatus and the experimental procedures is provided in our previous work [25,27].
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Figure 1. Schematic diagram of the experimental apparatus used for separation performance 
measurements: RTD, resistance thermocouple detector; DPT, differential pressure transducer; and 
DAS, data acquisition system. 

Figure 1. Schematic diagram of the experimental apparatus used for separation performance
measurements: RTD, resistance thermocouple detector; DPT, differential pressure transducer; and DAS,
data acquisition system.
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A transparent sapphire cell and a steel blind cell are the main components of the apparatus,
and both are installed in an air bath. The effective volumes of the sapphire cell and the blind cell
together with the tubes connected to it are 60 cm3 and 112 cm3, respectively. The two cells are each
designed to operate at a maximum working pressure of 20 MPa. A luminescence source (i.e., LG100H
type) was fixed onto the outside of the cell to facilitate visual observation of the changes occurring
during the experimental procedures. A secondary platinum resistance thermometer (type-pt100)
temperature sensor provided information about temperature changes in the air bath. A calibrated
Heise pressure gauge and differential pressure transducers were used to adjust the system pressure.
The accuracies of the pressure and temperature are ±0.01 MPa and ±0.1 K, respectively. Changes of
temperature and pressure in the system as a function of the elapsed time were recorded and displayed
by a computer. Additionally, a rotary viscosimeter NDJ-8S was used to measure the viscosity of the
slurry under the normal pressure and the specified temperature.

2.3. Experimental Procedures

Prior to the experiments, the sapphire cell was washed with warm soapy water, rinsed with
distilled water, and dried. The clean sapphire cell was then loaded with a desired quantity of dry
porous material (ZIF-8). To make the slurry, after adding ZIF-8, glycol and/or water was added,
and the mixture was stirred until homogenous. Finally, the cell was installed into the apparatus. All air
in the sapphire cell, the blind cell, and the tubes connected between the two cells was then removed
by a vacuum pump. Thereafter, the blind cell was charged with the feed gas mixture. Subsequently,
the air bath was turned on, and the temperature was set to a desired value. As soon as a constant
temperature was achieved in the air bath and a constant pressure was achieved in the blind cell, as
displayed on the computer, the feed gas mixture pressure in the blind cell was recorded as the initial
pressure, p1. The intake valve of the sapphire cell was later opened slowly, thus allowing the feed gas
mixture to flow into the sapphire cell from the blind cell. When the feed gas mixture pressure in the
sapphire cell reached a desired value, the intake valve was closed, and the magnetic stirrer started
working to promote gas-slurry mass transfer. The pressure of the remnant feed gas mixture in the
blind cell was recorded as p2. During each experiment, the changes of the sapphire cell pressure with
the time were recorded. When the sapphire cell pressure became stable, which was usually after two
hours, the sapphire cell equilibrium pressure was recorded as pE. The sample from the equilibrium
gas phase of the sapphire cell was collected under constant pressure, and then the component was
analyzed by a HP 7890 gas chromatograph. At last, the height of the equilibrium slurry phase was
measured, which was used for calculating the volume of the slurry since the sapphire cell inner
radius is a constant 1.27 cm. After the experiment, the dry ZIF-8 material was obtained by placing
the recovered slurry under vacuum at a temperature of 373.15 K. Then, an XRD 6000 X type SIMADU
ray diffraction instrument was used for the diffraction analysis with Cu Kα radiation, a 40-kV tube
voltage, a tube current of 40 mA, and a scanning rate of 2◦ min−1 in the range from 5◦ to 50◦.

2.4. Data Processing

In this work, the adsorption capacity of a gas species in the slurry phase was calculated by mass
balance [25,27], as described below.

The total number of moles of the feed gas mixtures (nt) that were injected into the sapphire cell
was calculated according to:

nt =
p1Vt

Z1RT
− p2Vt

Z2RT
(1)

where T represents the system temperature, p1 represents the initial pressure of the blind cell,
p2 represents the remnant pressure of the blind cell after the gas injected to the sapphire cell, Vt is the
effective volume of the blind cell together with the tubes connected to it, and R is the ideal gas constant.
The compressibility factors (i.e., Z1 and Z2) were calculated using the Benedict-Webb-Rubin-Starling
(BWRS) equation of state.
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The total number of moles of gas (nE) of the equilibrium gas phase in the sapphire cell after
reaching adsorption equilibrium was calculated by:

nE =
pEVE

ZERT
(2)

where pE represents the equilibrium pressure of the sapphire cell and ZE represents the compressibility
factor corresponding to T and pE. VE represents the effective volume of the equilibrium gas mixture
phase in the sapphire cell at the end of each experiment.

The adsorption capacity of C3H6 (n1) and H2 (n2) in the porous slurry were calculated according to:

n1 = nt × z1 − nE × y1 (3)

n2 = nt × z2 − nE × y2 (4)

where z1 and y1 represent the mole concentration of C3H6 in the feed gas mixture and equilibrium
gas mixture phases, respectively, and z2 and y2 represent the mole concentration of H2 in the feed gas
mixture and equilibrium gas mixture phases, respectively.

Therefore, the apparent mole concentration of C3H6 (x1) and H2 (x2) in the equilibrium slurry
phase can be calculated using the following formulas:

x1 =
n1

n1 + n2
(5)

x2 =
n2

n1 + n2
(6)

In this study, S, representing the apparent selectivity of C3H6 over H2 in the slurry, was calculated
as follows:

S =
x1/y1

x2/y2
(7)

The formula used to calculate the amount of gas ab/adsorbed in the ZIF-8 slurry is:

nx = nt − nE (8)

The amount of gas ab/adsorbed per unit volume size SV (mol/L) is:

SV =
nx

V
(9)

3. Results and Discussion

3.1. Adsorption of Gases with Different ZIF-8 Conditions

First, we compared the gas adsorption by the solid ZIF-8 and the ZIF-8 slurry, which was
suspended in water with a mass fraction of 15 wt %. As shown in Figure 2, as the equilibrium pressure
increases, the adsorption capacity of the materials for each pure gas component increased gradually.
However, it should be noted that the H2 adsorption curves show more disparity under the different
ZIF-8 conditions than those of C3H6, indicating that the solvent (water) has little effect on the C3H6
adsorption, but has a negative effect on H2 uptake. As a result, we expect that dispersing ZIF-8 in
water will improve the separation selectivity of C3H6/H2.
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3.2. Separation of C3H6/H2 in Different ZIF-8/Liquid Slurries

Because ZIF-8 shows different adsorption capacities for the gases (e.g., H2, C3H6) under different
conditions, further separation experiments were carried out with mixtures of gases (C3H6/H2,
35/65 mol %) using ZIF-8 slurries containing different liquid media. Table 1 shows the selectivities
in the separation of a C3H6/H2 mixture for solid ZIF-8, and slurries of ZIF-8/water, ZIF-8/glycol,
and ZIF-8/water-glycol (20 wt %), where p0 and pE represent the initial and the equilibrium pressures in
the sapphire cell, pE-C3H6 is the partial pressure of C3H6 in the equilibrium gas phase, and y1 and x1 are
the mole concentration of C3H6 in the equilibrium gas phase and liquid phase, respectively. S represents
the selectivity of C3H6 over H2. The concentration of ZIF-8 in the slurry is 20%. Table 1 shows that the
gas separation factor using ZIF-8/water is better than that of the dry material. The separation factor
for the ZIF-8/water slurry can reach 105.4 with 335 kPa of initial pressure. The lowest separation factor
is observed with ZIF-8/glycol. This is because the viscosity of the glycol has a great influence on the
gas-liquid mass transfer rate, and the glycol molecules that aggregate on the ZIF-8 surface prevent
some gas molecules from accessing the material [28]. In addition, we found that the slurry made with
water and 20% glycol also shows a good gas separation ability. Although the gas separation factor of
this system is smaller than that of the ZIF-8/water slurry, it still maintains a high separation factor
(81.8) with the same initial pressure.

Table 1. Comparison of the separation performance for a C3H6 (1) + H2 (2) gas mixture (z1 = 0.35)
using a solid ZIF-8 (S1), ZIF-8/water (S2) slurry, ZIF-8/glycol (S3) slurry, or ZIF-8/water-glycol (S4)
slurry, where the mass ratio between water and glycol was 4:1 at 293.15 K. The ZIF-8 content in all the
slurries was fixed at 20 wt %.

No. p0/kPa pE/kPa pE-C3H6/kPa y1/mol % x1/mol % S

S1 331.3 247.9 7.4 3 65.1 60.3
S2 335.3 197.1 5.7 2.9 75.9 105.4
S3 345.5 227.6 56.2 24.7 56.3 3.9
S4 333.3 191.0 6.1 3.2 73 81.8

Based on our experimental results, we found that water is the best solvent for ZIF-8, as it is the
cheapest and easiest to acquire. The drawbacks of using the ZIF-8/water slurry include material
agglomeration and precipitation of the material, which can then get stuck to the walls of the sapphire
cell during the experiments. This slurry also has a problem with bubbling during the gas desorption
process, as shown in Figure 3. To overcome all these challenges, glycol can be added, which greatly
helps to prevent bubbling, lowers the freezing point, and allows for the uniform dispersion of the
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ZIF-8 material in the slurry. In addition, the slurry with added glycol also maintains a good separation
performance. The glycol is hydrophilic and easily dissolved in water. In addition, the glycol has colloidal
properties that can keep the ZIF-8 material suspended in the slurry and prevent its agglomeration.
During the desorption process, the gas bubbles can burst quickly, which inhibits foaming, as shown in
Figure 4. The glycol molecules in the solvent gather at the ZIF-8 surface, forming a membrane akin
to a glycol-water molecular film [28]. In addition, the specified amount of glycol helps transfer gas
between the ZIF-8 and the solvent, thus improving the gas-liquid mass transfer rate.
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3.3. Effect of Variable Experimental Parameters on the Separation of C3H6/H2 Using Different ZIF-8/Liquid Media

In this section, a series of experiments was carried out in order to explore the effects of the
solid content, initial pressure, and temperature on the separation of C3H6/H2 and determine suitable
operating conditions. The results for each parameter are given in Tables 2–4, respectively.

According to Table 2, as the solid content increases, the selectivity (S) for C3H6 over H2

gradually increases, and the C3H6 composition in the equilibrium gas phase gradually decreases,
indicating a better gas separation. The C3H6 composition in the gas phase (y1) only changed slightly
when the solid content was increased from 20 to 25% compared to the increase from 5 to 20%. As such,
increased solid content enhanced the separation performance, but an excessive solid content in the
slurry led to increased viscosity, making the gas-liquid mass transfer rate decrease. Thus, taking both
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the separation efficiency and flow behaviors into consideration, the solid content of ZIF-8 in the slurry
should not exceed 20% for practical use.

Table 2. Separation results for a C3H6 (1) + H2 (2) gas mixture (z1 = 0.35) using ZIF-8/water-glycol
slurries where the mass ratio between water and glycol in the solution was specified to 4:1 with five
different ZIF-8 mass fractions at 293.15 K and at nearly the same initial pressure (p0) of approximately
680 kPa. S represents the apparent selectivity of C3H6 over H2 in a given slurry. η represents the
viscosity of the slurries corresponding to different ZIF-8 mass fractions at 293.15 K.

mF/wt % p0/kPa pE/kPa pE-C3H6/kPa y1/mol % x1/mol % S η/mPa·s
5.2 664.8 540.8 140.6 26.0 86.0 17.5 2.78

10.1 693.2 480.1 55.2 11.5 82.1 35.3 4.02
15.3 697.3 435.3 25.7 5.9 82.7 76.2 11.17
20.2 689.2 410.6 16.0 3.9 83.9 128.4 19.03
25.6 685.1 404.5 9.7 2.4 76.7 133.9 33.05

Table 3. Separation results for C3H6 (1) + H2 (2) gas mixture (z1 = 0.35) by using ZIF-8/water-glycol
slurry where the mass ratio between water and glycol in liquid was specified to 4:1 with 20 wt % ZIF-8
at 293.15 K and different initial pressures.

p0/kPa pE/kPa pE-C3H6/kPa y1/mol % x1/mol % S

333.3 193.0 6.2 3.2 65.6 57.7
689.2 410.6 16.0 3.9 83.9 128.4
1034.8 651.6 30.6 4.7 80.9 85.9

Table 4. Separation results for C3H6 (1) + H2 (2) gas mixtures (z1 = 0.35) using a ZIF-8/water-glycol
slurry where the mass ratio between water and glycol in the solution was specified to 4:1 with 20 wt %
ZIF-8 at nearly the same initial pressure of approximately 700 KPa, but with different temperatures.
S is the apparent selectivity of C3H6 over H2 in the slurry.

T pE/kPa pE-C3H6/kPa y1/mol % x1/mol % S

313.2 433.0 30.3 7.0 82.9 64.4
303.2 426.9 19.2 4.5 76.9 70.6
293.2 416.9 14.6 3.5 83.3 137.5
274.2 390.3 9.4 2.4 78.0 144.2

Table 3 shows the effect of the equilibrium pressure on the separation performance of the gas
mixture. With the increase of initial pressure (p0), the equilibrium pressure in the gas phase gradually
increased, as expected. However, the C3H6 composition (y1) and C3H6 selectivity (S) in the slurry
phase did not show any particular trend, as an increase was observed first, followed by a decrease,
indicating that the optimal gas separation (128.4) was achieved when the pressure was controlled in
the appropriate range. This can be attributed to the fact that as the pressure increased, the partial
pressure of each component also increased. Compared to H2, more C3H6 was dissolved in the
slurry at low equilibrium pressures. With the increase of the equilibrium pressure, the amount of
adsorbed C3H6 in the ZIF-8 slurry gradually tends to saturate, however, the amount of adsorbed H2

continues to increase over a large range of equilibrium pressures. We found that maintaining the
initial pressure at approximately 700 kPa provides very good separation. Therefore, the separation of
a C3H6/H2 gas mixture was investigated at different temperatures with the initial pressure maintained
at approximately 700 kPa, as shown in Table 4.

As shown in Table 4, as the temperature decreased, the gas separation factor gradually increased.
Thus, temperature is an important factor for the separation of these gas mixtures. High temperatures
are not conducive to selectivity when using the slurry. This is because the amount of adsorbed C3H6 in
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the slurry is higher than that of H2, and when temperature increases, the reduction in adsorption for
C3H6 in the slurry is greater than that of H2. Therefore, temperature has a greater influence on the
adsorption of C3H6 than that of H2. Reducing the temperature caused the amount of gas dissolved
in the slurry to increase, and the increased temperature was only beneficial for the desorption of the
gas. For a more in-depth understanding of the effect of temperature on gas adsorption in the slurry,
we compared the uptake of C3H6 in a ZIF-8/water-glycol (20%) slurry at two different temperatures.
As shown in Figure 5, the gas is more soluble at a lower temperature, but as the equilibrium pressure
is increased, the difference in the solubility between the two temperatures is reduced. This is mainly
because as pressure increases, the adsorption approaches saturation, and the capacity for C3H6 in the
slurry increases slowly.
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3.4. Kinetic Study of the H2/C3H6 Separation Process

To use the slurry in a practical production process, it is important to investigate the kinetics
of the process, as they reflect the performances of the mass transfer rate and the driving force.
Accordingly, we investigated the impact of the liquid media, the initial pressure, and temperature on
the dynamic curve of the C3H6/H2 separation process. The results from each parameter are given in
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water and glycol in the ZIF-8/water-glycol slurry is specified to 4:1.
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A process dynamic curve of the separation of C3H6/H2 in different slurries is shown in Figure 6.
The dynamic change in the slurry containing only water is basically identical to that of the slurry
with 20% glycol. The time to equilibrium and pressure drop are also almost the same, indicating that
in a ZIF-8/slurry, adding a small amount of glycol to water does not affect the adsorption rate or
efficiency of mass transfer. The ZIF-8/glycol slurry balance time is prolonged, the pressure drop is
relatively small, and the effect of mass transfer is relatively poor. These results prove that the selection
of a ZIF-8/water-glycol (20%) slurry can improve the slurry state and does not affect the gas-liquid
mass transfer. However, if too much glycol is added or the slurry is composed of pure glycol, the glycol
film thickness increases, causing the mass transfer rate and driving force to decrease.

As shown in Figure 7, under the same initial pressure, solid ZIF-8 can quickly reach equilibrium
(20 min), but the pressure drop is less than that observed for the slurries. This is mainly due to the
aggregation of the dry materials. Internal materials can hardly make contact with the gas, resulting
in poor gas-solid mass transfer. The adsorption separation process was completed quickly. For the
slurries, continuous stirring can ensure homogenous adsorption of the gas within the slurry. As a result,
good gas-liquid mass transfer is observed, and the time required for the mass transfer process to occur
is longer.

In Figure 8, we compare the dynamic curves at the different initial pressures. At low pressure,
the dynamic curve is steep and the equilibrium time is fast. At high pressure, the pressure drop is
relatively large, mainly because as the initial pressure increases, more of the gas enters the solution
to be separated, and the equilibrium is pushed towards the separated product. Therefore, the time
for the gas-liquid mass transfer process is increased. After the reaction, the mass transfer rate tends
to be slow. Figure 9 compares the dynamic changes at different temperatures. The results show that
increasing the temperature is helpful for accelerating the reaction rate. High temperatures allow the
pressure to reach equilibrium in a relatively short time. Low temperatures are conducive to dissolving
the gas and pushing the equilibrium towards separation. The reaction shows a greater pressure drop
at lower temperatures. However, the difference in the equilibrium time and pressure drop at different
temperatures and the different initial pressures is not very obvious, so the temperature and the initial
pressure do not have a significant effect on the dynamics.

3.5. Recovery and Reusability of the ZIF-8 Slurry

To ensure the financial feasibility of this process, the slurry should be able to be reused several
times before being replaced with a fresh slurry. The results of the separation of a C3H6/H2 gas mixture
using recycled ZIF-8/glycol-water slurries are shown in Table 5. Table 5 shows that after using the
slurry three times, the selectivity (S) of C3H6 over H2 is still approximately 138. Therefore, the material
does not show any change in its gas separation capabilities, indicating that it could be reused on
an industrial scale.

Table 5. Separation results for a C3H6 (1) + H2 (2) gas mixture (z1 = 0.35) using recycled
ZIF-8/glycol-water slurries where the mass ratio between water and glycol in the solution was specified
to 4:1 at 293.15 K, and the same initial pressures (p0) of approximately 680 kPa were used.

Repetition Times p0/kPa pE/kPa pE-C3H6/kPa y1/mol % x1/mol % S

0 689.2 416.7 14.6 3.5 83.3 137.5
1 685.1 410.6 15.6 3.8 84.0 132.9
2 687.3 411.7 14.8 3.6 83.8 138.5

A comparison of the XRD patterns of the fresh ZIF-8 and ZIF-8 samples that were in over
10 experiments is shown in Figure 10. From Figure 10, we can see that there is no difference in the two
XRD patterns, and all peaks completely overlap. In addition, as shown in Figure 11, it can be found
that the morphology of ZIF-8 samples that were used in over 10 experiments is almost the same with
that of the fresh ZIF-8, indicating that the ZIF-8 remains intact after repeated use.
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4. Conclusions

In this work, a porous slurry composed of ZIF-8/glycol-water was selected for enriched hydrogen
from a mixture with propylene. We found that the selectivity (S) of C3H6 over H2 in ZIF-8/water
is higher than that for dry ZIF-8. However, because of the hydrophobicity of ZIF-8, using only
water as the liquid media causes the ZIF-8 slurry to stick to the walls of the sapphire cell during
the adsorption process and causes problematic bubbling during the desorption process, which
decreases the mass transfer rate. A slurry made with 20% glycol in an aqueous solution achieves
good gas separation without affecting the mass transfer rate. Low temperature, a slurry containing
approximately 20% glycol, and a relatively high pressure efficiently enable the separation of hydrogen
from the tail-gas component, propylene. The slurry was completely reusable for at least three cycles.
The structure of the ZIF-8 material was not altered after repeated use, meaning the material can likely
be reused more than three times on an industrial scale.
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