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ABSTRACT: Excess adsorption of CO2, CH4, N2, and H2 on ZIF-8 was measured
gravimetrically in the pressure range ranging from vacuum to 30MPa at 298.15, 313.15,
333.15, 353.15, and 394.15 K using a magnetic suspension balance. The textural
properties of the adsorbent materiali.e., skeletal density, surface area, pore volume, and
pore-size distributionwere estimated by helium gravimetry and N2 (77 K)
physisorption. The adsorption isotherms were fitted with the Sips isotherm model and
the virial equation, and the values of isosteric heat of adsorption and Henry constants for
the gases were determined using the latter.

■ INTRODUCTION

Adsorption technologies have been developed and employed
for gas separation and purification in applications such as
carbon capture and natural gas processing.1 For instance, in the
precombustion capture from steam methane reforming, a high-
pressure mixture of H2 and CO2 is produced as a reaction
effluent containing small amounts of impurities such as CH4,
N2, CO, and Ar.2 Here, one can use adsorption to remove
these impurities and coproduce CO2 (for sequestration) and
H2 (as a low carbon fuel or as a raw material for the chemical
industry). For CH4 purification in natural gas processing,
impurities such as N2 and CO2 need to be removed from “raw”
natural gas prior to commercial supply to avoid instances of
equipment and pipeline corrosion, and unwanted emissions.3

In the above cases, as in any other separation in which
adsorption is envisioned, knowledge of adsorption equilibrium
of the respective gas mixtures, on a given adsorbent, at the
relevant process pressure and temperature conditions is a
prerequisite to developing an adsorption-based process.1 For a
pressure swing (PSA) or vacuum swing adsorption (VSA)
process, adsorption data are necessary within the pressure
range from vacuum up to the feed partial pressures of the gases
in the feed mixture at minimum.4 These data sets allow
accurate prediction of the adsorption behavior at higher
pressures using an isotherm model without introducing any
error due to extrapolation. Similarly, the temperature
conditions of the adsorption data must encompass the entire
range of temperatures that may be present in the process. This
is particularly important for temperature swing adsorption
(TSA) processes where large changes in temperature drive the
separation.5 Ideally, one would collect multicomponent
equilibrium data for the targeted gas mixtures to model the

separation accurately. Yet, generating mixture adsorption data
remains uncommon as it requires a purpose-made setup that is
capable of analyzing the composition of the gas mixture of the
feed and of the bulk after the system has reached equilibrium.
To circumvent this challenge, one can predict multicomponent
adsorption equilibria using theories such as ideal adsorbed
solution theory (IAST) or model them using semiempirical
isotherm models, such as extended Langmuir or Sips models
based on pure component adsorption isotherm data.6−9

Within the types of adsorbent, zeolitic imidazolate frame-
works (ZIFs) are a subgroup of metal−organic frameworks.
ZIFs display a zeolitic topology arising from the coordination
between transition metal ions and imidazolate ligands. Their
structural features, such as large surface area and high porosity,
coupled with their chemical and thermal stability10,11 have
attracted much attention for the applications of gas storage and
separations.12−16 ZIF-8 represents one of the most studied ZIF
members owing to its easy synthesis, stability, and pore
aperture size which is well suited for the adsorption of small
gas molecules like the ones involved in precombustion CO2

capture and natural gas processing.
In this work, we collected unary adsorption isotherm data

for a commercially available ZIF-8 over a wide range of
temperatures and pressures relevant to processes such as

Special Issue: Equilibrium Adsorption Data for Energy
and Environmental Applications

Received: November 30, 2021
Accepted: February 14, 2022

Articlepubs.acs.org/jced

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jced.1c00900
J. Chem. Eng. Data XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IM
PE

R
IA

L
 C

O
L

L
E

G
E

 L
O

N
D

O
N

 o
n 

A
pr

il 
25

, 2
02

2 
at

 1
4:

39
:3

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junyoung+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hassan+Azzan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronny+Pini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camille+Petit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jced.1c00900&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.1c00900?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.1c00900?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.1c00900?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.1c00900?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.1c00900?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jceaax/current?ref=pdf
https://pubs.acs.org/toc/jceaax/current?ref=pdf
https://pubs.acs.org/toc/jceaax/current?ref=pdf
pubs.acs.org/jced?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jced.1c00900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jced?ref=pdf
https://pubs.acs.org/jced?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


precombustion CO2 capture and natural gas processing. More
specifically, we present gravimetrically measured adsorption of
CO2 (up to 30 MPa), CH4 (up to 25 MPa), N2 (up to 4 MPa),
and H2 (up to 4 MPa) in the temperature range from 298.15 to
393.15 K. We modeled the equilibrium behaviors of these
adsorption systems using the Sips isotherm model and the
virial equation. In presenting the adsorption data, we have
rigorously demonstrated measurement reproducibility and
highlighted sources of uncertainty. By doing so, this study
provides a reliable set of reference adsorption isotherms for
multiple gases at different temperatures on a commercially
available adsorbent.

■ EXPERIMENTS
Materials and Gases. Table 1 lists the details of the

adsorbent material and pure gases used in this work. The

adsorbent material and sourced gases, CO2, CH4, and N2, were
used as-received without further purification. H2 was generated
using deionized water (resistivity of 18.2 MΩ × cm) with a
PEAK Scientific Precision Hydrogen 100 H2 Generator that is
capable of producing H2 at a purity of up to 99.9995% and a
maximum pressure of 0.8 MPa. The generator is connected to
a Maximator DLE 5-1-2 GG Hydrogen Gas Booster which
uses an air drive at a pressure up to 1 MPa to compress the H2
produced from the generator, that can be supplied at a
maximum pressure of 0.8 MPa. A constant N2 purge is used
during compression to prevent the mixing of high pressure H2
and air, as shown in Figure 1. Powder ZIF-8 sample (particle
size = 4.9 μm as indicated by the supplier, powder X-ray

diffraction measurements are shown in Figure S1) was
activated for over 12 h under continuous vacuum (4 × 10−4

mbar) at 473.15 K prior to performing adsorption measure-
ments of CO2 and CH4, while 393.15 K was used to activate
the sample prior to N2 and H2 adsorption measurements. The
two temperature conditions are above the activation temper-
ature of 373.15 K suggested by the supplier (Aldrich) and
within the reported realm of thermal stability of ZIF-8.10

Thermogravimetric analysis curves support activation temper-
ature of 473.15 K, when guest molecules are removed from the
ZIF-8 structure.17−19 However, the difference in the two
activation temperatures did not have a significant effect on the
experimental reproducibility as discussed later.

Determination of Textural Parameters. The textural
parameters of ZIF-8 were derived from the N2 physisorption
measurements at 77 K, performed using Autosorb iQ
(Quantachrome Instruments) in the pressure range of 1.5 ×
10−7 to 0.1 MPa. The sample was activated ex situ at 473.15 K
under continuous vacuum for 12 h prior to the physisorption
measurements. The experiment was conducted twice using
separate aliquots to test experimental repeatability (see Figure
S2 for the repeated measurements). Only the latter run was
used for further analysis. The surface area, pore volume, and
pore-size distribution (PSD) of ZIF-8 were determined by
fitting the N2 adsorption branch with the nonlocal density
functional theory (NLDFT) model (cylindrical/spherical on
silica/zeolite) supplied by Quantachrome Instruments with its
proprietary data analysis software (ASiQwin). The fitting error
of the NLDFT model was 8.64%.

Equilibrium Sorption Measurements. The high-pres-
sure adsorption measurements have been conducted using a
gravimetric sorption analyzer with a Rubotherm magnetic
suspension balance (IsoSORP HPII). The details of the setup,
including its schematic diagram, have been described in our
previous work.20 The setup shown in Figure S1 of Hwang and
Pini20 was modified to supply H2 into the measuring chamber
by integrating a H2 generator as shown in Figure 1. The purity
of the generated H2 was ensured by regenerating the silica
desiccant in the built-in drying column of the gas generator
prior to experimental measurements to achieve the maximum
purity quoted by the manufacturer (99.9995%). Furthermore,
the density of the bulk H2 was measured in situ by the
suspension balance and compared to the density values
calculated using an appropriate equation of state21 obtained
from REFPROP.22 The agreement between the measured and
calculated density of H2 indicates that the gas generated by the
setup is relatively free from impurities (see Figure S3).
The adsorbed quantities measured by the suspension

balance are excess and net amounts of adsorption. The
suspension balance reads weight measurements (resolution of
10 μg) at two measuring positions: MP1, which is the weight of
the adsorbent plus the suspended metal parts, and MP2, which
is MP1 plus a titanium sinker (known volume). The following
equations apply with these two weight measurements:

ρ= − +m VMP MPex
1 1,0 b 0 (1)

ρ= − +m VMP MPnet
1 1,0 b met (2)

ρ =
− − −

V

(MP MP ) (MP MP)
b

2,0 1,0 2 1

sk (3)

Table 1. Details of the Adsorbent Material and Gases
Employed in This Study, As Provided by the Manufacturer/
Supplier

name CAS number source purity [%]

2-methylimidazole zinc salt
(ZIF-8, Basolite Z1200)

59061-53-9 Aldrich ≤100

carbon dioxide (CO2) 124-38-9 BOC 99.995
methane (CH4) 74-82-8 BOC 99.995
nitrogen (N2) 7727-37-9 BOC 99.999 2
hydrogen (H2) 1333-74-0 PEAK

Scientific
99.999 5

helium (He) 7440-59-7 BOC 99.999

Figure 1. Schematic of the setup used to produce high purity H2 at
high pressure.
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where the subscript 0 indicates weight measurements taken
under vacuum; mex and mnet are excess and net adsorbed
amounts in mass, respectively; ρb is the bulk fluid density; Vmet,
V0, and Vsk are the volumes of the suspended metal parts, Vmet
plus the adsorbent volume (Vs), and of the titanium sinker,
respectively. While Vsk is known (4.364 cm3), Vmet and V0 are
estimated by introducing CO2 without a sample (making the
left-hand side of eq 2 equal to zero) as shown in Figure S1 of
Pini et al.23 and introducing He with a sample loaded under
the assumption that He is nonadsorbing (making the left-hand
side of eq 1 equal to zero), respectively. To increase accuracy,
these measurements are carried out at several pressure points,
so as to cover the pressure range probed experimentally. The
value of Vmet used in this study has been obtained from
measurements conducted with CO2 at 353.15 K from vacuum
to 30MPa, while the value of V0 has been obtained from
measurements conducted with He at 393.15 K from vacuum to
30MPa. The resulting value of V0 can then be used to
determine the skeletal density of the adsorbent:

ρ = −m V V/( )s s 0 met (4)

Finally, mex and mnet are reported in specific molar basis (nex

and nnet, respectively) in this study by dividing them by the
molecular weight, M, and sample mass, ms.
The adsorption isotherms were measured by increasing the

pressure starting from a vacuum state (a minimum pressure of
4 × 10−4 mbar) and reaching an equilibrium condition at a
fixed temperature. The adsorption system was left to reach
equilibrium for at least 60 min until the weight change in the
last 15 min was below 100 μg. Overnight (≥12 h) measure-
ments were regularly conducted to confirm that no significant
amounts of adsorption occur past the usual equilibration time.
After confirming equilibrium, the average of the last five
measurements was used to calculate the adsorption amount at
the given pressure and temperature conditions. We estimated
the values of uncertainty based on the general formula of error
propagation, the summary of which is included in the
Supporting Information.
To confirm the reproducibility and repeatability of the

measurements produced by the setup, CO2 adsorption
isotherm measurements were repeated using two separate
aliquots at two temperatures, 333.15 and 353.15 K, as shown
in Figure 2. The repeated data sets show good agreement at
both temperatures and between the two aliquots. These two
aliquots were prepared and activated at two separate instances
by two different researchers. Such practice complies with the

standards proposed by Han et al.24 to enhance experimental
reproducibility. Furthermore, the difference in the two
activation temperatures between the two aliquots (473.15
and 393.15 K, respectively) did not have a significant effect on
the experimental reproducibility. The measurement accuracy
of the setup has been further demonstrated by reproducing the
reference isotherms (generated by fitting multiple interlabor-
atory data sets) presented by the National Institute of
Standards and Technology (NIST) in its interlaboratory
studies25,26 for two adsorption systems: CO2/ZSM-5
(293.15 K) and CH4/zeolite Y (298.15 K). For both
adsorption systems, all of our adsorption measurements fell
within the uncertainty intervals (0.075 mol/kg and 0.09 mol/
kg for CO2 and CH4, respectively) of the reference isotherms
(see Figure S4).

Equilibrium Isotherm Modeling. The equilibrium data
were fitted to the empirical Sips isotherm model, which is
given by the following equations:27

* =
+

n n
k p

k p
( )

1 ( )i i
i

m

i
ms,

1/

1/

i

i (5)

=k k
Q

RT
expi i

i0 i
k
jjjj

y
{
zzzz (6)

For a pure component i, ni* is the absolute amount of gas
adsorbed, ns,i is the saturation capacity, ki is the adsorption
coefficient, described by an expression with two constants, ki

0

which is the pre-exponential factor, and Qi which is the
characteristic energy of ki, and mi is a constant heterogeneity
parameter. We did not consider the estimated conversion of
the measured excess adsorbed quantities to absolute adsorbed
quantities in this work. Therefore, in our analysis we only
included data measured at bulk gas densities, ρb

m, below 10%
of the liquid adsorbate densities at the lowest temperature
conditions (ρa = 1179, 422, 808, and 71 kg/m3 for CO2, CH4,
N2, and H2, respectively). Mathematically

ρ
ρ

= * − ≈ *n n n1ex b
m

a

i

k
jjjjj

y

{
zzzzz

(7)

While we took into account all N2 and H2 data points based on
this criterion, we truncated CO2 and CH4 data points below
4.7 and 6.3 MPa, respectively. As an example of general
validity, taking 0.55 cm3/g as the micropore volume of ZIF-8
(Table 2), the differences between nex and n* for CO2 at 298 K

are 3.3% at 0.2 MPa and 3.8% at 1 MPa. The largest difference
at the highest-pressure condition (4 MPa) is 12.5%; however,
we argue that conversion to absolute poses additional
problems for partially mesoporous materials as in the case of
ZIF-8 as discussed in Pini et al.23

Fitting of the equilibrium data to the Sips model was done
by employing a maximum likelihood estimator (MLE). The
objective function for the MLE is given as follows:

Figure 2. Repeated CO2 adsorption isotherms using two ZIF-8
sample aliquots at 333.15 K (squares) and 353.15 K (circles).

Table 2. Structural Properties of ZIF-8 Derived from N2
Sorption Isotherms at 77 K

material surface area [m2/g] pore volume [cm3/g] microporosity [%]

ZIF-8 1690 0.64 86
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∑θ θ= * − *
=

J
N

n n( )
2

ln ( ( ))
j

N

i j i j
t

1
, ,exp , ,calc

2
ti

k

jjjjjjj
y

{

zzzzzzz
(8)

Nt is the total number of data points for pure component i at
all temperatures, ni,j,exp* is the experimentally determined value
of the absolute amount adsorbed at a given p and T, and
ni,j,calc* (θ) is the calculated value of the absolute amount
adsorbed at the same p and T for a set of isotherm parameters
given by the vector θ. The objective function is minimized
using the built-in MATLAB function global search, an
algorithm that repeatedly runs a local solver (in this case
fmincon) within the bounds set for the parameters to obtain
the global optimal values of the parameter vector θ. The
resulting vector of optimal parameters is given by θ*.
The uncertainty bounds at a given confidence interval for

the estimated parameters with respect to the experimental data
was determined upon approximating the covariance matrix of
the estimated parameter vector θ* as follows:28

∑
θ

θ
θ

θ
σ=

∂ * *

∂
∂ * *

∂=

−

V
n n( ) ( )

j

N
i j i j

T

o
2

1

, ,calc , ,calc

1
ti

k

jjjjjjjj
i

k
jjjjjj

y

{
zzzzzz
i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzzz
(9)

where σ is the standard deviation of the model with respect to
the experimental data given by

∑ θσ =
−

* − * *
=N N

n n
1

( ( ))
j

N

i j i j
t p 1

, ,exp , ,calc
2

t

(10)

Here, Np is the number of parameters in θ*. ∂ni,j,calc* (θ*)/∂θ is
the sensitivity matrix of the model predicted adsorbed amount
with respect to the parameter vector θ. Using this, the
independent confidence intervals for θ* can be obtained at a
probability η, as follows:

θ θ θδ
η

* = | * − | = χ
−

−V

F N( , )

diag( )

1
p

o
1

2

(11)

Here, ηχ
−F N( , )1

p2 is the inverse of the chi-squared cumulative

distribution function with Np degrees of freedom, evaluated at
the probability η obtained using the MATLAB function
chi2inv. The uncertainty in the parameter estimates with
respect to the experimental data in this work were obtained at
95% confidence. The fitting and uncertainty analysis was
implemented using an in-house script developed using
MATLAB R2020a (The Mathworks Inc.).
As can be seen from eq 5, the Sips isotherm model does not

reduce to the Henry’s Law in the limit of low pressure (p→ 0).
Therefore, the Henry constant, KH, and the isosteric heat of
adsorption, ΔH, were determined from the virial equation,
which provides reliable estimates of KH from high-pressure
adsorption isotherms, in which the Henry’s region may be
difficult to identify.27,29 The virial equation is given by the
following equation30,31 for each component i:

∑ ∑* = * + *
= =

p n
T

a n b nln( / )
1

i
j

M

j i
j

M

j i
0 0

1 2

(12)

where a and b are characteristic virial coefficients for a gas−
solid system. In this study, we used M1 = 3 and M2 = 1 to
provide a good fit. The Henry constant can be approximated
from a0 and b0 using the following equation:

= − −K
a
T

bexpH
0

0
i
k
jjj

y
{
zzz (13)

and the isosteric heat of adsorption is calculated using the
following equation:30,31

∑Δ = − *
=

H R a n
j

M

j i
0

1

(14)

The equilibrium data were fitted to the virial equation and the
uncertainty bounds were calculated using the same procedure
described above.

■ RESULTS AND DISCUSSION
Textural Characterization. We first focus on the

characterization of the ZIF-8 sample, namely its skeletal
density and porosity. The adsorbent skeletal volume is
necessary to calculate the excess amount of adsorption as
previously discussed. To this end, measurements with He are
performed under the assumption that this exposure of the
adsorbent to this gas leads to negligible adsorption. In this
study, we conducted multiple sets of He measurements at
393.15 K. The pressure ranges of the measurements can be
seen in Table S1. The sets of weight measurements are shown
in Figure 3. While the different sets of measurements shown in

Figure 3 seem to outline a single line, the estimated values of
V0 show a significant level of variation (relative variation of
2%). The corresponding values of ρs are summarized in Table
3 and also demonstrates a moderate level of agreement among
literature data obtained from various experimental and
computational studies. Such differences in the repeated
measurements of ρs result in noticeable differences in the
calculated values of excess adsorption at high pressures. The
discrepancy is especially large for dense gases such as CO2. For
instance, the maximum (1.520 g/cm3) and minimum (1.439 g/
cm3) values in Table 3 result in over 50% difference in the
excess adsorbed amounts at 30 MPa (see Figure S5). The
difficulty in determining ρs partly stems from the assumption
that He does not adsorb, which has been questioned for highly
microporous solids even at high temperatures.32−35 In this
study, we chose ρs = 1.518 g/cm3 to compute the excess
adsorption amounts. At the same time, we report both excess
and net adsorption data to provide the readers the freedom to
use their own estimated value of ρs.
Figure 4 shows the physisorption isotherms of N2 at 77 K,

and Table 2 summarizes the surface area, pore volume, and

Figure 3. Normalized weight (MP1 − MP1,0) plotted against He
density measured at 393.15 K. The slope of the linear regression line
is equivalent to the negative value of V0 = Vs + Vmet. Different symbols
represent repeated experiments.
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PSD derived using the NLDFT model. The isotherms conform
to the Type 1 classification39 typical of microporous materials,
such as ZIF as demonstrated by the PSD in Figure 4b. The
step increase in the isotherms shown in the inset plot of Figure
4a has been previously documented and attributed to the
expansion of organic linkers.40−42 The surface area and pore
volume obtained in this study are toward the upper limit of the
range provided by the supplier (surface area of 1300−1800
m2/g) and that of the reported values in the litera-
ture.10,38,40,43−45

CO2 and CH4 Adsorption Isotherms up to 30MPa. We
report the excess adsorption isotherms of CO2 (298.15,
313.15, 333.15, 353.15, and 393.15 K) and CH4 (313.15,
333.15, and 353.15 K) on ZIF-8 in Figure 5. From the

repeated CO2 adsorption measurements, we only present here
the data sets with broader pressure ranges. The data sets are
given in Tables 4, 5, 6, and 7 with uncertainty values associated
with each adsorption point. The adsorption isotherms of both
CO2 and CH4 at all temperatures (with an exception of the
CO2 at 393.15 K due to the limited pressure range) show
monotonic increase until reaching maximum points, between 4
to 7 MPa for CO2 (within 298.15 to 353.15 K) and 9 to 11
MPa for CH4 (within 313.15 to 353.15 K). We can interpret
the locations of these maximum points by plotting isotherms as
a function of density (see Figure S6). When compared to the
density value where the increase in density occurs, the
locations of maximum appear at lower values of density. This
phenomenon is especially visible for CO2, due to the filling of
the micropores. Such saturation of micropores at low density
values allows the adsorbed volume to be estimated from the
micropore volume, from which approximation of the absolute
amounts of adsorption is possible.23 However, such practice is
outside the scope of this study, and we report here only the
measured quantities of excess and net adsorption. Further-
more, we observe crossing of the CO2 isotherms after reaching
the excess maximum when plotted as a function of pressure,
consistent with previous observations on other porous
media.46,47 We attribute such observation to the rapidly
increasing CO2 density of the bulk phase at lower temper-
atures.23,48 Therefore, we do not see the same effect in the
isotherms of CH4, the bulk density of which does not show a
sharp increase at the same temperatures, and the crossing of
CO2 isotherms also disappears when plotted as a function of
density.

CO2, CH4, N2, and H2 Adsorption Isotherms up to 4
MPa. We present the excess adsorption isotherms of CO2,
CH4, N2 (298.15, 333.15, 353.15 and 393.15 K), and H2
(298.15, 333.15, 353.15, and 393.15 K) on ZIF-8 in Figure 6

Table 3. Skeletal Density of ZIF-8 Compared to the
Literature Values Obtained via Experimental and
Computational Methodsa

ref method remark
skeletal density

[g/cm3]

this study experimental run 1 1.462 (0.004)
run 2 1.518 (0.003)
run 3 1.520 (0.005)
run 4 1.494 (0.002)
run 5 1.439 (0.003)

Nguyen et al.36 experimental activated 1.482 (0.002)
nonactivated 1.501 (0.004)

computational activated 1.50
Zhou et al.37 experimental 1.4

computational 1.3
Voskuilen et al.38 experimental 1.4 (0.4)
aThe values in parentheses represent the uncertainty values.

Figure 4. (a) N2 adsorption (closed symbols) and desorption (open
symbols) isotherms on ZIF-8 at 77 K and (b) cumulative volume (left
y-axis) and PSD (right y-axis) obtained from the NLDFT model. (a,
inset) Measurements plotted in logarithmic scale.

Figure 5. Excess adsorption isotherms of (a) CO2 and (b) CH4 on
ZIF-8 at various temperatures. The error bars have been omitted for
visual clarity as the upper and lower bounds of uncertainty fell within
the size of the markers. The lines are added to guide the eye.
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Table 4. Excess and Net Adsorbed Amounts of CO2 on ZIF-8 at Different Temperatures and the Uncertainty Values
Associated with Them Denoted by δ

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

298.15 K
0.020 0.378 0.137 0.131 0.003 0.003
0.044 0.816 0.299 0.286 0.002 0.002
0.070 1.283 0.476 0.456 0.004 0.004
0.150 2.704 1.025 0.985 0.002 0.002
0.302 5.463 2.139 2.058 0.003 0.002
0.491 8.955 3.486 3.352 0.002 0.001
0.712 13.137 4.766 4.570 0.004 0.004
0.982 18.380 5.844 5.569 0.004 0.004
1.519 29.319 7.043 6.604 0.005 0.004
2.039 40.667 7.655 7.047 0.020 0.020
3.027 64.746 8.217 7.248 0.005 0.002
4.052 95.241 8.419 6.993 0.013 0.011
5.928 185.085 8.174 5.404 0.026 0.023

313.15 K
0.024 0.425 0.114 0.108 0.002 0.001
0.056 0.967 0.263 0.249 0.002 0.001
0.101 1.724 0.475 0.449 0.002 0.001
0.302 5.169 1.461 1.384 0.003 0.002
0.498 8.603 2.437 2.308 0.004 0.004
0.701 12.215 3.365 3.182 0.005 0.005
0.901 15.823 4.145 3.908 0.006 0.006
1.200 21.369 5.056 4.736 0.008 0.007
1.600 29.048 5.900 5.465 0.009 0.008
2.198 41.143 6.678 6.062 0.010 0.009
2.801 54.199 7.146 6.335 0.011 0.009
3.802 78.515 7.564 6.388 0.012 0.010
5.054 114.604 7.731 6.016 0.013 0.009
6.650 177.737 7.550 4.890 0.014 0.009
8.112 285.035 6.802 2.536 0.018 0.008
8.759 393.081 5.767 −0.116 0.022 0.011
9.249 514.477 4.578 −3.122 0.027 0.014
10.014 615.428 3.651 −5.560 0.031 0.016
11.505 694.950 2.938 −7.463 0.035 0.019
14.016 758.131 2.430 −8.917 0.038 0.022
19.027 826.198 1.933 −10.432 0.041 0.024
24.013 869.714 1.669 −11.348 0.043 0.025
29.858 906.786 1.475 −12.097 0.045 0.027

333.15 K Run 1
0.019 0.305 0.062 0.057 0.002 0.001
0.047 0.742 0.147 0.136 0.002 0.001
0.068 1.068 0.212 0.196 0.002 0.001
0.153 2.436 0.483 0.446 0.001 0.001
0.301 4.812 0.954 0.882 0.002 0.001
0.501 8.061 1.591 1.470 0.002 0.002
0.688 11.146 2.165 1.998 0.002 0.002
1.000 16.412 3.038 2.792 0.002 0.001
1.496 25.023 4.142 3.767 0.002 0.001
2.004 34.212 4.945 4.433 0.005 0.005
3.007 53.517 5.894 5.093 0.004 0.003
4.028 75.335 6.403 5.275 0.005 0.002
4.892 95.548 6.630 5.200 0.007 0.003
5.578 113.103 6.721 5.028 0.008 0.003
6.399 136.194 6.750 4.712 0.022 0.020

333.15 K Run 2
0.020 0.338 0.064 0.059 0.002 0.001
0.052 0.841 0.163 0.150 0.002 0.001
0.100 1.599 0.312 0.288 0.002 0.001

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

333.15 K Run 2
0.300 4.811 0.946 0.874 0.003 0.002
0.500 8.070 1.582 1.461 0.003 0.003
0.801 13.064 2.494 2.298 0.004 0.004
1.199 19.841 3.530 3.233 0.005 0.005
1.701 28.695 4.516 4.087 0.007 0.006
2.299 39.696 5.308 4.714 0.008 0.007
3.199 57.372 6.040 5.181 0.010 0.008
4.487 85.799 6.577 5.293 0.011 0.008
5.999 124.522 6.787 4.923 0.012 0.008
8.015 191.021 6.638 3.779 0.014 0.008
9.757 272.547 6.120 2.041 0.016 0.007
11.014 352.006 5.476 0.208 0.019 0.008
12.507 461.571 4.517 −2.392 0.025 0.013
14.018 551.790 3.725 −4.533 0.028 0.014
16.019 630.532 3.070 −6.367 0.032 0.018
19.010 701.661 2.512 −7.990 0.035 0.020
23.997 772.637 2.016 −9.548 0.038 0.022
29.997 827.074 1.682 −10.697 0.041 0.024

353.15 K Run 1
0.020 0.302 0.048 0.043 0.002 0.002
0.047 0.697 0.105 0.095 0.001 0.001
0.069 1.038 0.156 0.140 0.003 0.003
0.152 2.275 0.336 0.302 0.002 0.001
0.297 4.466 0.656 0.590 0.003 0.003
0.498 7.557 1.096 0.983 0.005 0.005
0.701 10.687 1.530 1.370 0.005 0.004
1.002 15.394 2.134 1.903 0.002 0.001
1.505 23.481 3.014 2.662 0.002 0.002
1.987 31.480 3.691 3.219 0.004 0.003
3.019 49.411 4.693 3.953 0.007 0.006
3.977 67.557 5.267 4.256 0.005 0.002
4.990 87.912 5.624 4.308 0.006 0.002
6.149 113.192 5.835 4.140 0.010 0.006
6.962 132.848 5.913 3.924 0.012 0.009

353.15 K Run 2
0.021 0.320 0.048 0.044 0.002 0.002
0.055 0.842 0.125 0.113 0.002 0.002
0.101 1.522 0.224 0.201 0.002 0.002
0.301 4.545 0.664 0.596 0.002 0.002
0.499 7.569 1.099 0.986 0.002 0.002
0.800 12.244 1.734 1.551 0.003 0.003
1.201 18.584 2.509 2.231 0.004 0.003
1.700 26.709 3.320 2.920 0.005 0.005
2.498 40.248 4.278 3.675 0.007 0.006
3.509 58.602 5.051 4.174 0.008 0.007
4.999 88.028 5.660 4.342 0.010 0.007
6.804 128.661 5.944 4.019 0.011 0.007
9.013 188.640 5.896 3.073 0.013 0.006
11.004 255.313 5.569 1.748 0.015 0.006
13.494 356.107 4.859 −0.471 0.019 0.008
15.999 461.405 4.020 −2.886 0.024 0.011
19.000 562.315 3.222 −5.194 0.028 0.015
23.999 667.226 2.439 −7.547 0.033 0.018
30.003 742.213 1.952 −9.156 0.037 0.022

393.15 K
0.027 0.355 0.036 0.031 0.002 0.001
0.049 0.642 0.061 0.052 0.002 0.001
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with the Sips isotherm fitting. The adsorption capacity of ZIF-
8 shows a decreasing trend for these gases in the following
order: CO2 > CH4 > N2 > H2. The model parameters are
summarized in Table 8. As mentioned above, we did not
consider the conversion of excess adsorption to absolute
adsorption here and we fitted the isotherms up to medium
pressures for CO2 and CH4.

49,50 The Sips empirical isotherm
model allows a better fit for adsorbents that exhibit weak
adsorbent−adsorbate interactions and represents a combina-
tion of Langmuir and Freundlich behaviors. This model results
in an initially convex shape at low pressures, and a leveling off
at higher pressures due to the material exhibiting high
microporosity as seen in the experimental data for CO2.

27

Adsorption isotherms of CO2, CH4, and N2 isotherms show a
very good fit to the Sips isotherm model, and the error in the

measurement is within the Sips model uncertainty. On the
other hand, H2 isotherms appear to show considerably more
noise. This is due to the gravimetric measurement coupled
with the low adsorption capacity for H2 and the low molecular
weight of the gas (2.02 g/mol). For these reasons, uncertainty
in the experimental data is noticeably larger when compared to
the other gases. However, the uncertainty in these
experimental data points, when reported in g/g, is in the
same order of magnitude for all gases. The data was fitted to
the Sips isotherm model for all gases as the heterogeneity
factor is necessary to allow a good fit at low pressures for CO2,
and the same model was used for the other gases for
consistency.
We characterized the adsorbate−adsorbent interactions

using two metrics: the Henry constant and heat of adsorption.

Table 4. continued

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

393.15 K
0.068 0.912 0.087 0.073 0.002 0.002
0.152 2.035 0.187 0.157 0.002 0.002
0.296 3.994 0.362 0.303 0.002 0.001
0.496 6.716 0.600 0.500 0.002 0.002
0.705 9.590 0.843 0.699 0.002 0.001
1.004 13.721 1.179 0.973 0.003 0.002
1.503 20.770 1.700 1.389 0.002 0.002

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

393.15 K
2.007 28.029 2.167 1.748 0.002 0.001
3.025 43.148 2.937 2.292 0.003 0.001
3.941 57.482 3.457 2.596 0.004 0.002
5.007 74.702 3.891 2.773 0.005 0.002
6.190 94.741 4.218 2.800 0.007 0.003
6.841 106.347 4.336 2.745 0.008 0.003

Table 5. Excess and Net Adsorbed Amounts of CH4 on ZIF-8 at Different Temperatures and the Uncertainty Values
Associated with Them Denoted by δ

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

313.15 K
0.022 0.133 0.040 0.034 0.004 0.003
0.051 0.319 0.100 0.086 0.004 0.003
0.102 0.628 0.199 0.173 0.004 0.003
0.300 1.859 0.578 0.502 0.004 0.003
0.501 3.104 0.933 0.806 0.004 0.003
0.800 4.983 1.416 1.211 0.005 0.004
1.199 7.505 1.963 1.655 0.005 0.004
1.704 10.747 2.525 2.084 0.006 0.004
2.501 15.946 3.176 2.521 0.006 0.005
3.492 22.644 3.721 2.791 0.007 0.005
5.022 33.183 4.212 2.849 0.008 0.006
7.000 47.398 4.515 2.568 0.009 0.006
9.006 62.344 4.613 2.052 0.010 0.006
11.001 77.575 4.585 1.399 0.011 0.006
13.987 100.380 4.415 0.293 0.013 0.007
16.995 122.610 4.164 −0.871 0.015 0.008
21.081 150.231 3.798 −2.372 0.017 0.010
25.093 173.708 3.466 −3.668 0.020 0.013

333.15 K
0.023 0.132 0.029 0.024 0.004 0.004
0.053 0.308 0.076 0.064 0.004 0.003
0.103 0.593 0.146 0.121 0.004 0.004
0.301 1.742 0.424 0.353 0.004 0.003
0.501 2.918 0.694 0.574 0.007 0.006
0.799 4.653 1.056 0.865 0.005 0.004
1.200 7.029 1.495 1.206 0.005 0.004
1.707 10.050 1.958 1.546 0.006 0.006
2.504 14.879 2.537 1.926 0.006 0.004

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

333.15 K
3.497 21.049 3.053 2.188 0.007 0.005
5.004 30.558 3.552 2.298 0.007 0.005
7.008 43.540 3.906 2.118 0.009 0.005
9.006 56.816 4.060 1.727 0.009 0.005
10.999 70.333 4.094 1.206 0.011 0.006
14.128 91.406 4.015 0.261 0.012 0.007
17.013 110.319 3.854 −0.676 0.014 0.008
21.081 135.313 3.584 −1.972 0.016 0.010
25.016 156.972 3.314 −3.132 0.018 0.011

353.15 K
0.021 0.118 0.015 0.011 0.006 0.005
0.050 0.272 0.045 0.034 0.004 0.003
0.101 0.550 0.106 0.083 0.004 0.003
0.301 1.644 0.318 0.250 0.005 0.004
0.500 2.743 0.522 0.409 0.007 0.007
0.799 4.401 0.812 0.631 0.006 0.006
1.198 6.609 1.157 0.885 0.006 0.006
1.698 9.400 1.537 1.151 0.005 0.004
2.500 13.934 2.034 1.462 0.006 0.004
3.532 19.890 2.520 1.703 0.008 0.007
5.014 28.520 2.993 1.822 0.007 0.005
7.068 40.710 3.378 1.706 0.009 0.007
9.004 52.505 3.562 1.406 0.010 0.007
11.033 64.841 3.648 0.985 0.010 0.006
14.015 82.918 3.643 0.238 0.011 0.006
17.025 100.735 3.546 −0.590 0.013 0.008
20.987 122.994 3.356 −1.695 0.014 0.009
25.032 143.773 3.131 −2.774 0.016 0.010

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.1c00900
J. Chem. Eng. Data XXXX, XXX, XXX−XXX

G

pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.1c00900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 9 summarizes the values of KH determined using the
virial equation (the isotherm fits and virial coefficients are
summarized in the Supporting Information; see Figure S7 and
Table S2). The values of KH follow the same order as the
adsorption capacity for the gases, and KH values for CO2 are
significantly greater than those of other gases at all temper-
atures, indicating high selectivity toward CO2. The heat of
adsorption was calculated as a function of loading using the

virial isotherm fits obtained using the method described
previously, as opposed to using the experimentally determined
data. Figure 7 shows the dependence of ΔH on the loading
amount where the y-intercept represents the value at zero
coverage, ΔH0. ΔH0 decreases in the order: CO2 > CH4 > H2
> N2. In contrast to KH, the value of ΔH0 for CO2 is close to
those of CH4 and H2. The values of ΔH0 are greater than the
latent heat of vaporization, ΔHv: 10.3, 8.2, 6.1, and 0.9 kJ/mol
for CO2 (at 273 K), CH4 (at 112 K), N2 (at 78 K), and H2 (at
20 K), respectively.51,52 While the ratio ΔH0/ΔHv for CO2,

Table 6. Excess and Net Adsorbed Amounts of N2 on ZIF-8
at Different Temperatures and the Uncertainty Values
Associated with Them Denoted by δ

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

298.15 K
0.053 0.579 0.042 0.029 0.002 0.001
0.200 2.245 0.163 0.111 0.002 0.002
0.496 5.584 0.392 0.260 0.003 0.003
0.797 9.001 0.607 0.395 0.002 0.002
0.993 11.221 0.735 0.471 0.002 0.002
1.497 16.933 1.037 0.639 0.003 0.002
2.003 22.670 1.300 0.767 0.003 0.002
2.479 28.071 1.513 0.853 0.003 0.002
3.020 34.210 1.725 0.921 0.004 0.002
3.508 39.936 1.900 0.961 0.004 0.002
4.019 45.780 2.055 0.979 0.005 0.003

333.15 K
0.054 0.477 0.021 0.010 0.002 0.001
0.204 1.978 0.097 0.051 0.002 0.002
0.496 4.933 0.239 0.123 0.002 0.002
0.773 7.728 0.366 0.185 0.006 0.005
1.003 10.037 0.465 0.229 0.005 0.005
1.488 14.926 0.661 0.310 0.004 0.003
1.996 20.049 0.846 0.374 0.003 0.002
2.510 25.206 1.012 0.419 0.004 0.003
3.021 30.324 1.160 0.447 0.004 0.003
3.519 35.458 1.294 0.460 0.004 0.002
4.024 40.491 1.408 0.456 0.005 0.003

353.15 K
0.050 0.492 0.020 0.008 0.003 0.002
0.205 1.965 0.081 0.035 0.004 0.004
0.506 4.819 0.196 0.082 0.004 0.004
0.682 6.491 0.261 0.109 0.010 0.010
0.992 9.432 0.369 0.148 0.003 0.002
1.502 14.267 0.536 0.201 0.003 0.002
1.997 18.951 0.684 0.238 0.003 0.002
2.505 23.743 0.820 0.262 0.009 0.008
3.014 28.520 0.945 0.274 0.004 0.003
3.540 33.607 1.066 0.275 0.004 0.003
4.013 38.044 1.161 0.267 0.005 0.004

393.15 K
0.042 0.360 0.006 −0.003 0.006 0.006
0.198 1.693 0.049 0.009 0.003 0.003
0.500 4.262 0.124 0.024 0.011 0.011
0.784 6.677 0.191 0.034 0.003 0.003
1.010 8.600 0.246 0.043 0.004 0.004
1.514 12.875 0.357 0.054 0.004 0.004
2.011 17.069 0.455 0.054 0.012 0.012
2.505 21.243 0.550 0.051 0.005 0.004
3.018 25.549 0.643 0.043 0.007 0.006
3.501 29.715 0.723 0.024 0.008 0.007
4.013 33.942 0.796 −0.002 0.004 0.002

Table 7. Excess and Net Adsorbed Amounts of H2 on ZIF-8
at Different Temperatures and the Uncertainty Values
Associated with Them Denoted by δ

pressure density nex nnet δnex δnnet

[MPa] [kg/m3] [mol/kg]

298.15 K
0.209 0.173 0.100 0.043 0.077 0.075
0.488 0.401 0.180 0.049 0.027 0.020
0.806 0.661 0.254 0.038 0.027 0.020
1.012 0.830 0.310 0.038 0.029 0.022
1.467 1.198 0.403 0.012 0.039 0.034
2.009 1.640 0.523 −0.013 0.028 0.021
2.510 2.043 0.620 −0.047 0.028 0.021
3.007 2.436 0.710 −0.086 0.043 0.039
3.526 2.857 0.801 −0.132 0.075 0.073
4.033 3.257 0.883 −0.181 0.028 0.021

333.15 K
0.204 0.158 0.063 0.012 0.028 0.020
0.505 0.385 0.115 −0.011 0.028 0.021
0.789 0.596 0.161 −0.033 0.028 0.021
1.003 0.752 0.197 −0.049 0.027 0.020
1.504 1.122 0.270 −0.097 0.029 0.022
1.993 1.481 0.343 −0.141 0.029 0.022
2.445 1.816 0.397 −0.196 0.033 0.027
3.017 2.230 0.474 −0.254 0.030 0.024
3.341 2.473 0.511 −0.297 0.028 0.020
3.981 2.932 0.594 −0.364 0.027 0.020

353.15 K
0.044 0.027 0.000 −0.009 0.033 0.027
0.201 0.133 0.010 −0.034 0.028 0.021
0.505 0.340 0.047 −0.064 0.031 0.025
0.805 0.547 0.085 −0.094 0.057 0.054
0.959 0.654 0.101 −0.113 0.039 0.034
1.517 1.034 0.160 −0.178 0.029 0.022
1.876 1.275 0.194 −0.223 0.029 0.022
2.497 1.694 0.250 −0.303 0.030 0.023
3.011 2.040 0.299 −0.367 0.035 0.029
3.516 2.382 0.348 −0.430 0.034 0.028
4.065 2.745 0.383 −0.514 0.033 0.027

393.15 K
0.052 0.037 −0.002 −0.014 0.033 0.027
0.206 0.128 −0.002 −0.044 0.028 0.021
0.500 0.310 0.042 −0.059 0.031 0.025
0.794 0.491 0.063 −0.098 0.057 0.054
0.975 0.599 0.081 −0.115 0.039 0.034
1.454 0.902 0.110 −0.185 0.029 0.022
1.999 1.240 0.175 −0.230 0.029 0.022
2.443 1.510 0.177 −0.316 0.030 0.023
3.005 1.837 0.208 −0.392 0.035 0.029
3.490 2.136 0.233 −0.465 0.034 0.028
4.093 2.507 0.275 −0.544 0.033 0.027
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CH4, and N2 conform to the general relation ΔH0/ΔHv < 1.5−
2,53 ΔH0 is much greater than that of ΔHv for H2.
Furthermore, we observe an increasing trend for ΔH of
CO2, in contrast to that of CH4, which can be attributed to the
intermolecular attractive forces.54 The trends of ΔH of N2 and
H2 stay relatively constant as loading increases.

■ PERSPECTIVES ON THE MEASUREMENTS
Literature Comparison. As indicated earlier, ZIF-8 is one

of the most studied ZIF materials, and for this reason, we can
find much gas sorption data for this adsorbent in the literature.
Figure 8 shows the comparison between the adsorption data

presented in this study and data sets reported in the literature
measured using both gravimetry44,45,55,56 and volumetry.37,38,57

We collected literature data from the NIST/ARPA-E Database
of Novel and Emerging Adsorbent Materials (https://
adsorption.nist.gov/), using the keywords “ZIF-8” for
Adsorbent Material and “CO2”, “CH4”, “N2”, and “H2” for
Adsorbate Gas. We restricted the search to experimental
measurements taken beyond 1MPa and within 15 K of the
temperature range considered in this study. In addition, we
excluded data sets, in which the values obtained from the NIST
Database did not match the values reported in the original
publication. In total, we identified 3, 4, 2, and 2 studies for
CO2, CH4, N2, and H2, respectively, summarized in Figure 8.
The original file names downloaded from the database can be
seen in the Supporting Information.
Generally, we observe a good agreement between the data.

In particular, the CO2 adsorption isotherms by Peŕez-Pellitero
et al.55 and Xiang et al.44 agree well with the isotherms
reported in this study, accounting for the small difference in
the experimental temperatures (Figure 8a). The N2 adsorption

Figure 6. Excess adsorption isotherms of (a) CO2, (b) CH4, (c) N2, and (d) H2 on ZIF-8 at different temperatures. The error bars for CO2, CH4,
and N2 have been omitted for visual clarity as the upper and lower bounds of uncertainty fell within the size of the markers. The solid lines
represent the Sips isotherm fitting results, and the shaded regions show the uncertainty bounds of the fitting results.

Table 8. Sips Isotherm Model Parameters Derived from
Fitting the CO2, CH4, N2, and H2 isothermsa

fluid ns k0 × 104 Q 1/m

[mol/kg] [MPa−1] [kJ/mol] [−]
CO2 10.04 (0.22) 1.87 (0.09) 21.71 (0.12) 1.09 (0.06)
CH4 6.15 (0.05) 6.56 (0.10) 16.78 (0.03) 1.04 (0.02)
N2 5.18 (0.03) 7.24 (0.06) 13.39 (0.02) 0.96 (0.01)
H2 4.72 (0.28) 2.52 (0.18) 13.27 (0.19) 0.95 (0.03)

aThe values in parentheses represent the uncertainty values.

Table 9. Henry Constants Determined from the Zeroth-
Order Virial Coefficients: a0 and b0

a

temperature KH,CO2
KH,CH4

KH,N2
KH,H2

[K] [mol/kg · MPa]

298.15 7.10 (0.37) 0.78 (0.05) 0.33 (0.04)
313.15 5.02 (0.25) 1.95 (0.12)
333.15 3.32 (0.16) 1.36 (0.08) 0.45 (0.03) 0.17 (0.02)
353.15 2.30 (0.11) 0.98 (0.06) 0.35 (0.02) 0.13 (0.01)
393.15 1.23 (0.06) 0.22 (0.01) 0.07 (0.01)

aThe values in parentheses represent the uncertainty values.

Figure 7. Isosteric heat of adsorption for CO2, CH4, N2, and H2
plotted as a function of loading.
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isotherm by Peŕez-Pellitero et al.55 matches well with the
isotherm presented in this study although the exothermic
nature of adsorption is not well captured (Figure 8c). All the
CH4 isotherms exhibit a good agreement (Figure 8b).
The small disparity among the literature data can arise from

multiple factors. For instance, the method of synthesis of ZIF-8
may vary among studies. While we employed a commercial
form of ZIF-8, many studies used ZIF-8 synthesized in-
house.37,38,44,45,55 For instance, in the study of Liu et al.45 that
reports lower CO2 adsorption amounts systematically
compared to our work, the synthesized ZIF-8 sample had a
lower surface area (1070 m2/g) and pore volume (0.47 cm3/g)
compared to the values summarized in Table 2. These
differences may explain the overall lower CO2 uptake at all
temperatures. Such a discrepancy in the structural properties is
prevalent in the literature,10,43 despite the well-established
method of synthesis for ZIF-8. Other factors, such as the value
of skeletal density needed to calculate the excess amount of
adsorption, may contribute to the observed discrepancies
among different studies. As highlighted in this study, relatively
small deviations in this parameter (Table 3) result in
noticeable differences in the calculated values of the excess
adsorption, particularly at high pressure. Unfortunately, this
parameter is not always reported in the adsorption studies
considered for comparison carried out in Figure 8, precluding a
quantification of its contribution to the observed deviations.
Applications. In this section, we make a first appraisal of

the potential of ZIF-8 in separations, particularly for the
application of separating CO2 and H2 in precombustion carbon
capture. We do this by looking more generally at the
information conveyed by the isotherms gathered in this
study. The high CO2 capacity at high pressures combined
with the gentle uptake in the low pressure ranges suggest ZIF-8
may be used in applications such as precombustion carbon
capture, where the feed for the separation is supplied at partial

pressures that range from 0.4 to 0.7 MPa at a temperature of
308 K.2 Indeed, ZIF-8 exhibits a lower Henry constant for CO2
at 308 K than other commercial adsorbents such as zeolite 13X
and activated carbon (Norit RB3), as shown in Table 10. The

weak adsorbate−adsorbent interactions results in a lower heat
of adsorption relative to strong physisorbents, such as zeolite
13X (as seen in Table 10). This implies a stronger temperature
dependence of equilibrium adsorption at isobaric conditions of
ZIF-8 (as seen in Figure 6), making it a promising material for
temperature swing adsorption processes for carbon capture.
However, the significantly lower Henry’s law selectivity of CO2
to H2 for ZIF-8 compared to the other materials indicate a
weaker affinity toward CO2 relative to H2 at low pressures,
suggesting the material may not be viable for the applications
with low feed compositions of CO2.
As mentioned before, this analysis is a first appraisal of the

potential use of ZIF-8 for these applications. For accurate

Figure 8. Comparison of the isotherm data reported in this study to the isotherm data published in the literature for (a) CO2, (b) CH4, (c) N2, and
(d) H2. The data sets are from the following references: Peŕez-Pellitero et al.55 (squares), Xiang et al.44 (circles), Liu et al.45 (upward triangles),
Zhou et al.37 (left triangles), Mu et al.57 (right triangles), Parkes et al.56 (stars), Voskuilen et al.38 (pentagons), and this study (diamonds connected
with lines).

Table 10. Comparison of ZIF-8 with Zeolite 13X and
Activated Carbon58 in Terms of CO2 Loading at 0.5 MPa,
Henry Constant, Heat of Adsorption at 0.5 MPa and 308 K,
and Henry’s Law Selectivity at 308 Ka

parameter unit ZIF-8
zeolite
13X

activated
carbon

nCO2
* (0.5 MPa, 308 K) mol/kg 2.97 4.61 3.73

KH,CO2
(308 K) mol/kg·MPa 5.2 355.5 22.6

ΔHCO2
(0.5 MPa, 308 K) kJ/mol 21.39 34.67 22.12

KH,CO2
/KH,H2

(308 K) 19 2400 122

aThese conditions were chosen for the comparison as they are the
typical feed conditions for precombustion carbon capture.2 The
Henry constants and heats of adsorption for zeolite 13X and activated
carbon were computed from dual-site Langmuir fitted parameters
using the method outlined by Son et al.59
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prediction of the performance of ZIF-8 in these separations,
experimental determination of competitive adsorption of the
component gases at the relevant process conditions will be
required in addition to the unary adsorption measurements.
Other phenomena such as adsorption kinetics and heat transfer
in a packed bed will also need to be considered in order to
carry out detailed process modeling.

■ CONCLUSIONS
We have reported gravimetric measurements of adsorption of
CO2, CH4, N2, and H2 in the temperature range of 298.15−
393.15 K on ZIF-8 in the pressure range of vacuum to 30MPa.
We presented the adsorption isotherms in their excess format.
However, the difficulty of generating reproducible values of
skeletal density for highly microporous materials may render
the net adsorption isotherms more appropriate for data
presentation as the latter definition of adsorption excludes
the need to account for the skeletal density. The data reported
in this study generally agree well with those reported in the
literature. Instances of observed disparity with the literature
data may originate from differences in the adsorbent features
between the in-house synthesized ZIF-8 used in most previous
studies and the commercially obtained ZIF-8 used in this work.
The adsorption capacities and the isosteric heat of adsorption
indicate a particularly strong adsorption affinity for CO2,
making ZIF-8 a suitable candidate for the applications of gas
separations or CO2 capture.
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