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Adsorption Equilibria and Kinetics of Carbon Monoxide on Zeolite SA, 13X,

MOF-5, and MOF-177

Dipendu Saha and Shuguang Deng*

Chemical Engineering Department, New Mexico State University, Las Cruces, New Mexico 88003

Carbon monoxide adsorption equilibria and kinetics on zeolite SA, 13X, MOF-5, and MOF-177 were measured
volumetrically at (298, 237, and 194.5) K and carbon monoxide pressures up to 108 kPa. It was found that
zeolite 5A had the highest adsorption capacity at ambient temperature (298 K) and ambient pressure (108
kPa), whereas MOF-177 was a better adsorbent at (194.5 and 237) K. Both the Langmuir and Freundlich
isotherm models were used to correlate the adsorption isotherms. Diffusivities of carbon monoxide in these
adsorbents were estimated from the adsorption uptake curves by a micropore diffusion model. The average
carbon monoxide diffusivities at 298 K and carbon monoxide pressures below 108 kPa are 3.42-107!!
m2+s™ 1.40-107" m2+s7!, 1.72-107® m2+s7!, and 5.01-107° m?+s~! for zeolite SA, 13X, MOF-5, and
MOF-177, respectively. The heat of adsorption of carbon monoxide at low coverage on zeolite SA and 13X
is below 70 kJ*mol ™! and drops rapidly as the coverage increases, while the heat of adsorption of carbon
monoxide in MOF-5 and MOF-177 is in the range of (16 to 22) kJ+mol .

1. Introduction

Carbon monoxide (CO) is a colorless, odorless, tasteless, and
highly toxic gas. It is a major industrial gas that has many
applications in bulk chemicals manufacturing. Carbon monoxide
is widely used in the production of methanol through hydro-
genation, liquid hydrocarbon fuels in the Fischer—Tropsch
process, and acetic acid by reaction with methanol. Carbon
monoxide is typically produced through partial oxidation of
carbon-containing compounds.’ Carbon monoxide is toxic to
human beings because it combines with hemoglobin in the blood
to form carboxy-hemoglobin that reduces the oxygen carrying
capacity of blood and leads to death. So it is imperative to
remove even a trace amount of carbon monoxide in air streams
for safety considerations. Carbon monoxide is the major
component of syngas produced in the methane—steam re-
forming process, which is often used for power generation. If
the hydrogen in syngas is used for electricity generation in
proton-exchange membrane fuel cells, carbon monoxide in
hydrogen must be removed to below 0.2 ppm to protect the
platinum electrocatalyst.>* So, production of ultrapure fuel cell
grade hydrogen is an emerging challenge and opportunity for
industrial gas business.

Studies on carbon monoxide separation from gases began as
early as World War 1."*> Most of the processes involve
numerous kinds of catalysts that can directly oxide carbon
monoxide to carbon dioxide or chemically adsorb carbon
monoxide on the catalyst surface. The metals that can chemically
adsorb carbon monoxide include copper,® palladium,” cobalt,®
or even gold.” The catalysts that were evaluated for their
catalytic activity for converting carbon monoxide to carbon
dioxide include lithium doped nickel oxide-silica,'® metalloph-
thalocyanine monolayers supported on graphite,'' potassium
carbonate promoted iron,'? magnesium oxide,"? or zinc oxide.'*
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Separation of carbon monoxide from gas mixtures by physical
adsorption in a pressure swing adsorption process (PSA) was
commercialized about 20 years ago.'> '® The CuCl 7-com-
plexation adsorbent was employed in the PSA process for
recovering carbon monoxide from syngas.'”>”'® Typically,
activated alumina, activated carbon, and zeolite are used as
supports for dispersing active species CuCl or AgNOj; to form
the sr-complexation adsorbents. Table 1 summarizes the pub-
lished carbon monoxide adsorption equilibrium data at given
experimental conditions on CuCl sz-complexation adsorbents
and other physical adsorbents.'>~2* Most of the published carbon
monoxide adsorption data only include the equilibrium, only a
few reported adsorption kinetics,? or heat of adsorption.**2%%

The objective of this study is to compare the adsorption
equilibria and kinetics of carbon monoxide on two classical
adsorbents zeolite 5A and 13X and two newly discovered
adsorbents MOF-5 and MOF-177. Adsorption equilibria and
kinetics on these four adsorbents were measured at three
temperatures and carbon monoxide pressures up to 108 kPa,
which allow us to compare the performance of these adsorbents
at identical conditions. The heat of adsorption was determined
from the adsorption equilibrium data at different temperatures,
and the diffusivity of carbon monoxide in these adsorbents was
obtained from the adsorption kinetics data. These data will
provide necessary information for adsorbent selection and
process design for the PSA processes for carbon monoxide
separation and recovery; they will help us understand adsorption
fundamentals.

2. Experimental Section

The two zeolite samples (5A and 13X) were kindly provided
by Mr. Li Shenan of Nanjing Refinery, SINOPEC, China.

2.1. Syntheses of MOF-5 and MOF-177. The MOF-5 and
MOF-177 were synthesized in our laboratory, and a brief
description of the synthesis procedures is given below.

The synthesis procedures of MOF-5 and MOF-177 were
followed from previous publications.”® *° For the MOF-5
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Table 1. Summary of Published Carbon Monoxide Adsorption Equilibrium Data

adsorbents adsorption condition adsorption amount or Henry’s constant refs

CuCl/NaY 70 kPa, 30 °C 2.4 mmol-g™! 15

Linde Zeolite 5A 30°C Ky = 6.6 mmol-g~'-atm™! 16 to 18
2 atm, 30 °C 1.3 mmol-g~!

CuCl/y-AlO4 30°C Ky = 34.5 mmol-g~'-atm™! 16 to 18
2 atm, 30 °C 1.0 mmol-g~!

CuCl/Activated Carbon 30°C Ky =7.5mmol-g '-atm™! 16 to 18
2 atm, 30 °C 1.2 mmol-g~!

Linde Zeolite SA 1000 mmHg, 77.3 K 6.7 mmol-g~! 19

Columbia grade L Activated carbon 1793 kPa, 311 K 3.0 mmol-g~! 20

Activated carbon (PCB, Calgon Corp.) 5447 kPa, 296 K 4.73 mmol-g™! 21

Zeolite 10X 264.17 kPa, 172 K 4.75 mmol-g ™! 22

CuCl/y-AlO4 26 °C Ky =27 mmol-g '-atm™! 23

AgNOs3/y-AlL,Os 26 °C Ky =32mmol-g '-atm™! 23

Al-pillared montmorillonite clay minerals 4 kPa, 20 °C 0.036 mmol-g~! 24

synthesis, all the chemicals were purchased from Fisher
Scientific, and they are of the highest available commercial
purity (99+ %, except zinc nitrate hexahydrate of 98 % purity).
Amounts of 0.832 g of zinc nitrate hexahydrate and 0.176 g of
benzene dicarboxylic acid were dissolved in 20 mL of N,N-
diethylformamide (DEF) under constant agitation under atmo-
spheric conditions. The resulting mixture was first degassed
thrice using the freeze—pump—thaw method, and then 20 mL
reaction vials were filled for crystallization. The capped vials
were immediately put in an oven at (85 to 90) °C for
crystallization for about 24 h. At the end of the crystallization
step, clear golden crystals of MOF-5 emerged from the wall
and base of the vials. The MOF-5 crystals were separated from
the reaction solution, washed with DEF to remove the unreacted
zinc nitrate, and followed by purification in chloroform. The
chloroform purification was performed by adding chloroform
into 20 mL vials containing the raw MOF-5 crystals. The vials
were capped tightly and put back in the oven at 70 °C for
another 3 days. Solvent in the vials was replenished with fresh
chloroform every day. After the chloroform treatment, the
MOF-5 crystals changed from a golden color to transparent.
Because MOF-5 crystals are very susceptible to moisture and
air, they have to be stored in chloroform or under vacuum in a
Schlenk flask.

The synthesis of MOF-177 can be divided into two steps:
synthesis of the benzene tribenzoate (BTB) ligand and formation
of MOF-177. The BTB ligand was synthesized in our laboratory
following the procedures reported by Yaghi et al.>* To produce
MOF-177, 0.32 g of zinc nitrate hexahydrate and 0.07 g of BTB
ligand were dissolved in 20 mL of dimethyl formamide. The
mixture was degassed thrice using the freeze—pump—thaw
method and then stored in a 20 mL reaction vial that was fully
filled with the mixture and capped tightly. The vial was then
put in an oven at 67 °C for 7 days. At the end of this step, clear
and transparent MOF-177 formed and became visible in the
wall as well as on the base of the vial. The vial was then
removed from the oven, decanted, and washed with dimethyl
formamide to remove the unreacted zinc nitrate. The raw MOF-
177 crystals were then purified by the chloroform treatment
process employed for MOF-5 crystal purification and stored in
chloroform or in a Schlenk flask under vacuum as MOF-177 is
vulnerable to humid air.

2.2. Adsorption Measurement. Equilibrium and kinetics of
carbon monoxide adsorption in all adsorbents were measured
volumetrically in a Micromeritics ASAP 2020 adsorption
apparatus. Adsorption isotherms were measured at three tem-
peratures, (194.5, 237, and 298) K and up to ambient pressure
(~108 kPa). The temperature of the sample bath was constantly
monitored with the help of a thermocouple, and it was observed

that a temperature variation was no more than £ 0.5 K during
the whole experiment. Temperatures of (194.5, 237, and 298)
K were achieved by using dry ice, the freezing point of a certain
brand of commercially available lubricant oil, and room
temperature, respectively. Kinetic data were recorded during
isotherm measurements at 298 K and four different pressures.
Zeolite 5A and 13X were degassed for 12 h at 623 K, and the
MOF samples were degassed at 383 K for 10 h before the
adsorption measurements. High purity carbon monoxide (99.99
%) was introduced into a gas port of the adsorption unit for the
adsorption measurements. An automatic CO detector was
employed during exposure to CO, which was designed to give
an alarm when the CO concentration goes above the personal
exposure limit (50 ppm). Each adsorption experiment was
repeated twice, and no more than 4 2 % variation of data was
observed for the entire set of experiments.

3. Results and Discussion

3.1. Adsorption Equilibrium. Adsorption isotherms of carbon
monoxide in zeolite 5A, 13X, MOE-5, and MOF-177 at (194.5,
237, and 298) K are plotted in Figures la, b, c, and d. It was
observed that at room temperature (298 K) and carbon monoxide
pressure of 108 kPa zeolite 5SA had the highest adsorption
amount of 1.22 mmol-g~!, followed by zeolite 13X with a
capacity of 0.48 mmol-g~'. However, at 237 K and at 194.5 K
and 108 kPa, MOF-177 had the highest adsorption amounts,
(3.0 and 4.64) mmol-g~!, respectively.

The Langmuir and Freundlich isotherm models were used to
correlate the adsorption isotherms. The Langmuir isotherm is
written as

a,,bp
17 1F bp

ey

where ¢ (mmol-g™!) is the adsorbed carbon monoxide amount;
p is the CO pressure (kPa); a,, (mmol-g™!) is the monolayer
adsorption capacity; and b (kPa™!) is the Langmuir adsorption
equilibrium constant. Both equation parameters can be deter-
mined from the slope and intercept of a linear Langmuir plot
of (1/q) versus (1/p).

The Freundlich isotherm is given by

q=kp"" 2)

where k and n are the Freundlich isotherm equation parameters
that can be determined by the slope and intercept of an In p
versus In g plot. Table 2 summarizes the isotherm model
parameters along with their corresponding absolute relative error
(ARE) values.



2.

—_~
(<]
~

Adsorption amount (mmol/g)
N

Journal of Chemical & Engineering Data, Vol. 54, No. 8, 2009 2247

5
AT=1945K
4loT=287K | a aad—
0T=298K a andd
5, =&90 NN | ______________ - — - e
NG
3 D
5 a . a a
a® o ©
24 a a2
AN
5 f----- D,,u, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Q QQ
Q900
I 6 ”’0’000”0”0’9’9 ”””””””””
S’D o ,,09,0, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 2 T T T T T
0 20 40 60 80 100 120
Pressure (kPa)
5
5 1 AT=1945Kf----mmmmmomooooooo oo Ald
4] OT=ERW7K | A
O T=298k
5, ___________________________________________________________
AA
3 a
A
5
AA
2A --------------------------------------
R R E R RReeEEE TR a -9
a
Y e Qo
1 N a ]
Q
5 ]
0 éﬁggoogggggggoooo
0 20 40 60 80 100 120
Pressure (kPa)

(b) °*
AT=194.5K

| [oT=287| A AadA
32‘5 0T=208K N aaa b
= AA
[<] A [w]
E R T & A,A ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, D ,,,,,,,,,,
s a Qo
ENS T a R
s |A Q
§ 1,,4, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
3 Q
T
<

(@)

Adsorption amount (mmol/g)

Pressure (kPa)

Figure 1. Carbon monoxide adsorption isotherms on (a) zeolite 5A, (b) zeoltie 13X, (c) MOF-5, and (d) MOF-177.

Table 2. Equation Constants for the Langmuir and Freundlich Isotherm Models

adsorbents temperature(K) Langmuir model parameters ARE % Freundlich model parameters ARE %
298 U 5.28 4.66 k 0.046 11.61
b 0.0028 n 1.49
. 237 U 7.67 5.30 k 1.19 0.98
Zeolite 5A b 0.01 n 368
194.5 U 9.76 10.04 k 2.97 2.2
b 0.08 n 5.11
298 U 2.72 0.37 k 0.007 6.51
b 0.001 n 1.25
13X 237 U 5.51 11.96 k 0.244 3.42
b 0.01 n 2.050
194.5 U 6.86 5.53 k 1.65 24
b 0.03 n 44
298 U k 5-1074 2.12
b n 1
237 U k 6:1073 1.66
MOF-5 b n 1.02
194.5 U 93.45 1.17 k 0.02 0.81
b 2:1074 n 1.03
298 U k 2-1074 7.71
b n 0.91
237 U 13.53 6.06 k 0.03 3.04
MOF-177 b 14+107 n 121
194.5 U 61.34 2.52 k 0.022 0.79
b 3-1074 n 1.05

The adsorption isotherms of carbon monoxide on zeolite
5A and 13X are of a typical type I isotherm, suggesting strong
interaction between the zeolites and carbon monoxide. There
is a small dipole moment in the carbon monoxide molecule
with the negative end on the carbon atom that may be strongly
attracted to the cations in the zeolite. However, the carbon
monoxide isotherms on MOF-5 and MOF-177 are quite

linear, demonstrating a weak interaction between carbon
monoxide and MOFs. The higher adsorption capacity on
MOF-5 and MOF-177 at 237 K and at 194.5 K and 108 kPa
is attributed to the much larger specific surface area of MOF-5
(BET of 2449 m?-g~")?® and MOF-177 (BET of 3275
m2-g~")*" than those of zeolite SA and 13X. The values of
heat of adsorption of carbon monoxide on zeolites and MOFs
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Figure 2. Carbon monoxide adsorption uptake curves at 298 K on (a) zeolite 5A, (b) zeoltie 13X, (¢) MOF-5, and (d) MOF-177.

presented in section 3.3 confirm the stronger interactions
between carbon monoxide and zeolites and weaker interac-
tions between carbon monoxide and MOFs.

3.2. Adsorption Kinetics. Adsorption kinetics data of carbon
monoxide on the four adsorbents were collected at the same
time when the isotherms were measured at 298 K in a
Micromeritics ASAP 2020 adsorption unit. Kinetic uptake
curves for these adsorbents at four different pressure levels are
shown in Figure 2a, b, ¢, and d. It is clear that MOF-5 and
MOF-177 reached the adsorption saturation level in a shorter
interval of time (within 5 s) in comparison to zeolite 5SA or
13X (within 20 s). A classical micropore diffusion model was
applied to correlate the adsorption kinetics data and to extract
the intracrystalline diffusivity for carbon monoxide in these
adsorbents. The fractional adsorption uptake (m/m..) can be
correlated with the diffusion time constant by the following
equation if the fractional adsorption uptake is greater than
70 %.%!

—yrQDCt

2

Te

1= =5 exp
Mo

The diffusion time constants (D./rZ, s~') were calculated from
the slope of a linear plot of In(1 —(m/m..)) versus ¢ (time) at a
given CO pressure. Only data points with (m/m..) greater than
70 % and less than 99 % were used for estimating the diffusion
time constants. The diffusivity (D.) of carbon monoxide was
calculated from the diffusion time constant. The crystallite
radius, 7., for zeolite SA and 13X particles was provided by
the supplier (. = 2.54+107> m, 1.44+107° m for 5A and 13X,

3)

respectively), and the crystallite radius for MOF-5 and MOF-
177 (r. = 9.31-107° m, 1.2+ 10~* m for MOF-5 and MOF-177,
respectively) was estimated from their SEM images reported
in our previous research.?®>° The average diffusivities of carbon
monoxide are 3.42+ 107" m?+s™!, 1.40-10" " m2+s7!, 1.72- 1078
m?+s~ !, and 5.01+107° m?+s™! for zeolite SA, 13X, MOF-5, and
MOF-177, respectively.

The plots of variation of diffusivity with adsorbate pres-
sure or adsorption amount for zeolite SA, 13X, are shown in
Figure 3a, and those for MOF-5 and MOF-177 are shown in
Figure 3b. As shown in Figure 3a and b, the carbon monoxide
diffusivities in MOF-5 and MOF177 are in the order of (10~°
to 107 m?+s™!, and carbon monoxide diffusivities in zeolite
5A and 13X are in the order of 107! m?-s™!. It is quite
challenging to explain the difference of adsorption kinetics of
carbon monoxide in these adsorbents. We hypothesize that the
slightly larger pore sizes MOF-5 (8.6 A) and MOF-177 (12.7
A) might have facilitated the carbon monoxide diffusion in these
MOFs.

It is observed that the carbon monoxide diffusivities in zeolite
13X, MOF-5, and MOF-177 decrease slightly with an increase
in carbon monoxide pressure. This is probably attributed to the
fact that the adsorbent pores were partially saturated and blocked
at higher adsorption loading in the higher pressure range giving
rise to sluggish kinetics. The slightly increasing trend observed
in zeolite SA as shown in Figure 3a is possibly due to the surface
diffusion of carbon monoxide inside zeolite SA at high pressures.
This is because the kinetic diameter of carbon monoxide is 3.59
A, which is slightly smaller than the pore diameter of zeolite
5A (4.4 A). It is expected that the pores of zeolite SA will be
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Figure 3. Variation of carbon monoxide diffusivity with pressure at 298 K on (a) zeolite SA and 13X at 298 K and (b) MOF-5 and MOF-177.
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Figure 4. Heat of adsorption of carbon monoxide on (a) zeolite SA and 13X and (b) MOF-5 and MOF-177.

blocked after adsorption at a very low pressure, so the decreasing
trend of diffusivity with pressure observed in zeolite 13X, MOF-
5, and MOF-177 could not be measured at the experimental
conditions used in this work. The surface diffusion due to a
higher adsorption capacity of carbon monoxide on zeolite SA
at a higher pressure plays a major role, which leads to a slight
increase in diffusivity at higher pressures.

3.3. Isosteric Heat of Adsorption. Isosteric heat of adsorption
is also an important parameter for gas separation through
physical adsorption. The isosteric heat of adsorption can be
obtained from the van’t Hoff’s equation

AH _ _(3Inp

RT2 ( aT )a
where AH is the isosteric heat of adsorption (kJ*mol™!); T is
temperature; p is pressure (bar); a is the adsorption amount
(mmol-g~!); and R is the universal gas constant. Integration of
eq 4 gives

“

AH
In P RT + C 5)
where C is an integration constant.

In the present study, three carbon monoxide adsorption
isotherms at (194.5, 237, and 298) K were used to calculate
the heat of adsorption plots. The measurement points were
achieved by employing the suitable model fitting equation (i.e.,
Langmuir or Freundlich). The adsorption isotherms were first

converted to adsorption isosteres, a plot of In p versus 1/T at a
given adsorption amount. The heat of adsorption was then
calculated from the slopes of the isosteres according to eq 5.
The plots of the variation of heat of adsorption with the
adsorption amount for zeolite 5A and 13X are shown in Figure
4a, and those for MOF-5 and MOF-177 are shown in Figure
4b. The values of heats of adsorption for carbon monoxide for
zeolite SA and 13X decrease significantly with the adsorption
amount, and the maximum value of 70 kJ+mol ' was observed
at the lowest adsorption loading. This value (70 kJ-mol™") is
higher than the value measured in CuCl or AgNO; doped
y-ALO; (48 kJ-mol™"), H-ZSM-5 (33.4 kJ-mol!),?® but is
close to that measured on cuprous amine doped Y zeolite (79.5
kJ-mol™").%° It is interesting to observe that the heat of
adsorption in MOF-5 does not change with the adsorption
amount, and the heat of adsorption of carbon monoxide in MOF-
177 decreases with the adsorption amount. The heats of
adsorption in MOF-5 (16 kJ-mol™!) and MOF-177 (< 22
kJ+mol™") are relatively smaller than those in the zeolite 5A
and 13X. These values confirm the stronger interactions between
carbon monoxide and zeolites SA and 13X than those between
carbon monoxide and MOFs as observed in the carbon
monoxide adsorption isotherms.

4. Conclusion

Adsorption equilibria and kinetics of carbon monoxide on
zeolite 5A, 13X, MOEF-5, and MOF-177 were measured at (298,
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237, and 194.5) K and carbon monoxide pressures up to 108
kPa. It was observed that zeolite SA had the highest adsorption
amount of 1.22 mmol-g~! at ambient temperature (298 K) and
ambient pressure (108 kPa), and MOF-177 has a higher carbon
monoxide adsorption capacity at (194.5 and 237) K. Carbon
monoxide diffusivity decreases with the adsorption amount in
all adsorbents except for zeolite SA. The surface diffusion of
carbon monoxide makes the diffusivity increase with the
adsorption amount in zeolite SA. The average carbon monoxide
diffusivities at 298 K and carbon monoxide pressures below
108 kPa are 3.42+107"" m?-s™!, 1.40- 107" m?-s™!, 1.72-1078
m?s~!, and 5.01+ 107 m?+s~! for zeolite 5A, 13X, MOF-5, and
MOF-177, respectively. It was also observed that the heat of
adsorption decreases with the adsorption amount for all adsor-
bents except MOF-5. The heat of adsorption of carbon monoxide
at low coverage in zeolite 5A and 13X is below 70 kJ+mol™!
and decreases sharply with the adsorption amount, while the
heat of adsorption of carbon monoxide in MOF-5 and MOF-
177 is in the range of (16 to 22) kJ+mol .
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