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a b s t r a c t

The equilibrium and kinetic parameters for NO adsorption in a clinoptilolite-rich natural zeolitic material
from Turkey were determined using the concentration pulse chromatography method. Under the
experimental conditions (carrier gas velocities and adsorption temperatures) the micropore diffusion
resistance was found to be the mass transfer controlling step. Matching the first moment of the response
peaks to the mathematical model the Henry’s Law constants and heat of adsorption at zero loading were
determined. The axial dispersion, external film, macropore and micropore diffusion coefficients, and
activation energy for diffusion of NO in the micropores were calculated from the analysis of the second
moments of the response peaks. For successive NO pulses without regeneration between the pulses, the
retention times of the response peaks decreased and peak areas increased with the injection number
indicating irreversible adsorption. The reversibly adsorbed NO could be desorbed by purging with an
inert gas at the adsorption pressure and temperature. Temperature programmed desorption profile
obtained by heating the NO saturated adsorbent to 400 �C under inert flow revealed presence of multiple
irreversibly adsorbed species in NZ with different thermal stabilities. Desorption of these species was not
achieved during the heating up to 400 �C which makes the natural zeolitic materıal suitable for NO
storage rather than for cyclic adsorptive separation processes.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Nitric oxide (NO) is an important gas from environmental and
biological points of view. From the environmental perspective, ni-
trogen oxides (NOx) (NO and NO2) are formed by combustion of
fossil fuels and of concern because of their adverse effects on public
health and the environment. NO typically constitutes 95% of the
total NOx in the combustion products [1]. On the other hand, it is an
extremely important molecule in biology as it plays role in regu-
lation of diverse biological processes including vascular tone,
neurotransmission, inflammatory cell responsiveness, defense
against invading pathogens and wound healing. NO-storing solids
have potential applications as antithrombotic materials [2].

Currently, three-way catalyst is employed for removal of NOx in
emissions from mobile sources and selective catalytic reduction
(SCR) of NOx with NH3 is applied for stationary sources. The most
ent of Chemical Engineering,
212121.
arin), semraulku@iyte.edu.tr
significant technical problems in SCR are poisoning of the catalyst
and design of the ammonia injection system. Also, the use of
ammonia generates problems due to leak and to the difficulties of
transport and storage [3]. A variety of ion exchanged zeolites has
been tested as catalyst for SCR in which ammonia or hydrocarbons
are used as the reducing agent [4e18]. Several other methods have
been investigated for elimination of NOx including catalytic
decomposition [19e22], selective non-catalytic reduction (SNCR)
[23] and NOx storage-reduction (NSR) [24,25].

Adsorption is a simpler method for the elimination of NOx. It
allows NOx to be adsorbed and subsequently desorbed for the later
treatment or direct application. Furthermore adsorption processes
does not require additional reagents (e.g., NH3) and operate at
lower temperatures (<100 �C) [26]. The crucial point in perfor-
mance of NOx adsorption processes is the efficiency of the adsor-
bent. The adsorbent should have a high adsorption capacity and
high selectivity for NOx, and low desorption temperature for the
ease of regeneration.

Adsorption is the primary step in catalytic reactions. NO
adsorption in metal-free zeolites (ZSM-5, 13X, SAPO, Y, b, NaY, NaX,
CaA, NaA, ferrierite, mordenite, USY, ZSM-22, MCM-22) [26,27e30],
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Fig. 1. Experimental set-up used in the concentration pulse chromatography experi-
ments (MFC: mass flow controller, GSV: 6-port gas sampling valve, TCD: thermal
conductivity detector).
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metal oxide-impregnated or metal (e.g. Cu, Co, Fe, H, Au, V)
exchanged zeolites (e.g. Y, beta, ZSM-5, A type, MFI, MOR) have
been examined for this purpose [31e47]. Zeolite-based catalysts
including transition metal cations exhibited high efficiency in the
removal of NOx. Recently commercial zeolites (NaX, NaY) and their
copper-modified analogues have been evaluated for NO2 and NO
adsorption in the presence of moisture [48]. Chang et al. tested NOx
adsorption capacity of unsupported CaO and beta zeolite modified
with CaO, K2O, MgO, BaO, ZnO, MnO, CeO2 and La2O3 in the pres-
ence of O2 in the feed [49].

After the adsorbent is saturated with NOx, the adsorbed NOx
must be desorbed for the adsorbent to be used again. The appli-
cation of pressure swing adsorption (PSA) to regenerate the remove
NOx-saturated adsorbent has been tested using several zeolites
(MFI, mordenite, ferrierite, ZSM-5, offretite/erionite, Y, L, and X)
exchanged with various metals (Na, Ca, Sr, Ba, Mg, Cu, Ag, Mn, Ni,
Zn, Fe, Cr, Ce, La, Co and H) as the adsorbent [26,36e39]. The results
of these studies revealed that the total, reversibly and irreversibly
adsorbed NO amounts changed with the type and amount of the
metal exchanged as well as the zeolite type [26].

Natural zeolites were proposed for gas purification applications
rather than bulk separation due to their small pores and small pore
volumes [50]. Clinoptilolite [51,52] and NH4-clinoptilolite [53] were
applied in the removal of NOx from stack gases from fuel gas
combustion processes. N2O and NO adsorption capacities of natural
zeolites (erionite, mordenite, and clinoptilolite) from deposits in
Mexico were measured in both static and dynamic regimes. The
mordenite was found to be the most promising adsorbent for
separating N2O/NO mixtures [54]. The same research group calcu-
lated the isosteric heats of NO adsorption from the adsorption
isotherms obtained at 0 �C and 20 �C as 15e46 kJ/mol for mor-
denite, 15e32 kJ/mol for erionite, and 16e37 kJ/mol for clinopti-
lolite in the NO loading range of 0e0.7 mmol NO/g [55].

Natural zeolites were also investigated as catalyst in SCR of NOx.
Cu(II)-exchanged mordenite and clinoptilolite were found to be
very active catalysts using NH3 in excess oxygen and showed high
water tolerance [56]. Fe3þ-clinoptilolite was found to be more
active than the commercial vanadia catalyst in SCR of NO with
ammonia [57].

Design and optimization of adsorptive separation processes
require the adsorption equilibrium and kinetic parameters. Gas
chromatography offers an alternative to conventional gravimetric
and volumetric methods for experimental adsorption equilibrium
and kinetic studies due to its advantage sing [58]. The adsorption
equilibrium and kinetic parameters can be derived bymatching the
experimental chromatograms to the mathematical model. Chro-
matography has been applied to determine NO adsorption kinetic
and equilibrium parameters for various adsorbents in the literature.
Clinoptilolite from Bigadiç region (Turkey) was found to be the
most promising adsorbent for the separation of NO from N2 (air)
among the molecular sieves tested, namely synthetic H-mordenite,
4A, 5A, and activated carbon [59]. In another study, higher Henry’s
law constants and heat of adsorption for NO on the clinoptilolite
than on 4A, 5A and H-mordenite were reported. Clinoptilolite gave
the highest separation NO/N2 factors at low concentrations [60].
Gal�an studied the adsorption of NO on 13X and 5A, alumina
(boehmite) and nickel-kieselguhr and copper zinc oxide catalysts
by using a chromatographic technique. The low NO adsorption
capacity of 13X was explained by absence of interaction between
NO molecules and 13X due to the low molecular size of NO in
comparisonwith the effective pore diameter of 13X [61]. In another
study, the diffusional resistances for NO were reported to decrease
in the following order: natural mordenite > Na-mordenite > H-
mordenite > (13X, 5A) indicating the increased ease of flow in the
3-dimensional network. Isosteric heats of adsorption (range from
12.6 kJ/mol to 50.2 kJ/mol) and activation energies (range from
12.6 kJ/mol to 79.6 kJ/mol) decreased in the same order. The dif-
ferences of these parameters were discussed in terms of the
interaction between the adsorbent surface and NO molecules as
well as the pore size of the adsorbent relative to the size of the
diffusing NO molecules [62].

Recently, synthetic zeolites (LTA and FAU zeolites) exchanged
with different transition metal cations (Naþ, Ni2þ, Cu2þ, Zn2þ, Co2þ,
and Mn2þ) were applied for NO delivery purposes and NO-loaded
zeolites exhibited biological activity. The mechanism of the bio-
logical effect was release of the loaded NO upon exposure of the
NO-loaded zeolite to a moist atmosphere. NO-loaded zeolites were
proposed as a cheap and simple alternative to other NO-releasing
materials for use in medical applications [63e65].

The present study aims at determining NO adsorption equilib-
rium and kinetic parameters for a clinoptilolite-rich natural zeolitic
material (NZ) from G€ordes region (Turkey) using the concentration
pulse chromatography method. The NO storage and release prop-
erties of this material have been previously examined by our group.
In that study total, reversible and irreversible NO adsorption ca-
pacities of the material have been determined and it was shown
that NZ can store and release NO thereby exhibits antibacterial/
bactericidal activity [66].
2. Materials and methods

2.1. Material

The natural zeolitic material from G€ordes region (Turkey) was
used as adsorbent in the present study. Preparation and charac-
terization of the zeolitic material (NZ) have been reported in our
previous study [66]. Briefly, NZ contains predominantly clinopti-
lolite (67 wt %) as well as quartz, feldspars and biotite as mineral
impurities. NZ is rich in potassium and has SiO2/Al2O3 ratio of 5.90.
2.2. Concentration pulse chromatography (CPC)

Nitric oxide adsorption equilibrium and kinetic parameters for
NZ were determined by the concentration pulse chromatography
(CPC) method. This method is a dynamic method of conducting
adsorption measurements, which measures the response of a
chromatographic column to a pulse in adsorbate concentration.

CPC experiments were performed using the experimental set-
up shown in Fig. 1. The column was made from type 316 stainless
steel tubing of ¼ inches in outer diameter. Commercially available
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stainless steel pressed frits with pore size of 20 mmwere used at the
ends of the column. The characteristics of the packed columnwere
determined from the properties of the zeolites and from the di-
mensions of the system and are given in Table 1. The mass of the
zeolite packed into the columnwas determined from the difference
of the mass of the column before and after the packing. The
dehydratedmass of the zeolite in the bed was determined based on
the thermogravimetric analyses (7.82% mass loss was measured on
heating up to 400 �C at a heating rate of 10 �C/min, under 40 mL/
min N2 flow).

The particle size distribution of NZ particles wasmeasured using
a particle size analyzer (Mastersizer 2000, Malvern Instruments).
The particle density and total pore volumewere determined using a
specimen of rectangular prism of zeolitic material. The true solid
density was measured by a helium pycnometer (Ultrapycnometer
1000, Quantachrome). The particle porosity was calculated by
subtracting the micropore volume from the total pore volume. The
micropore volume was determined from CO2 adsorption isotherms
(obtained at 30 �C using a volumetric adsorption equipment ASAP
2000, Micromeritics) by the application of the Dubinin-Astakhov
model. The average adsorbent crystal radius was determined
from the scanning electron micrographs given in our previous
study [66].

Prior to the CPC experiments, 0.7020 g of NZwas packed into the
column and activated in situ first increasing the oven temperature
to 100 �C where it was kept for 2 h, then to 400 �C at a heating rate
of 1 �C/min and kept at this temperature for 12 h under continuous
helium flow of 50 mL/min. To avoid detector contamination, the
column outlet was not connected to the detector during this period.
At the end of the activation process, the column was connected to
the TCD and the oven was cooled down to the adsorption tem-
perature at a cooling rate of 1 �C/min. Then the carrier gas flow rate
was set to the desired value and passed through the column until
the detector signal has reached a constant value. 0.25 mL pulse of
NO (purity of 99.5%, Linde Gas) at atmospheric pressure was
introduced into the carrier gas via a 6-port gas sampling valve
(Valco Instruments). Following reaching a constant detector signal,
the flow rate was set to the next value and pulse injection was
repeated. The column outlet stream composition was continuously
measured and recorded as a function of time using a thermal
conductivity detector (TCD) operating at 250 �C equipped with the
gas chromatograph (6890N, Agilent Technologies). The columnwas
fully contained in the oven of the gas chromatograph for accurate
temperature control. The flow rate of the carrier gas was controlled
by a calibrated mass flow controller (5850S, Brooks Instruments)
and confirmed by a bubble meter at the column exit. The CPC ex-
periments were performed at column temperatures of 30, 40, 60
and 80 �C, and carrier gas flow rates of 10, 20, 40 and 60 mL/min.

At infinite dilution (in the Henry’s Law region of the isotherm),
the first moment of the response peak is directly related to the
Henry’s Law constant. The first moment was calculated from the
response peak using,
Table 1
Characteristics of the adsorption bed and the adsorbent (NZ).

Adsorbent particle diameter range (mm) 75e150
Average adsorbent particle diameter, dp (mm) 108.74
Particle porosity, εp 0.292
Particle bulk density, rbulk (g/cm3) 1.246
Particle solid density, rsolid (g/cm3) 2.330
Average adsorbent crystal radius, rc (mm) 3
Bed diameter, dbed (mm) 5.33
Bed length, L (mm) 41.00
Bed voidage, εbed 0.436
m ¼

Z ∞

0
ct dtZ ∞

0
cdt

(1)

where t is the time and c is the NO concentration measured at the
outlet of the bed. The experimentally determined first moment
values were corrected for the dead time in the system using the
empty column response curves. The net first moment is given by,

mnet ¼
L
v

�
1� εbed
εbed

��
1� εp

�
Kc (2)

where L is the bed length, εbed is the bed voidage, v is the interstitial
carrier gas velocity, and Kc is the dimensionless adsorption equi-
librium constant which is related to the dimensionless Henry’s Law
constant (K) by Kc¼(K�εp)/(1-εp).

Temperature dependence of the Henry’s Law constant (K) is
given by the van’t Hoff equation,

K ¼ Koexp
�
� DUo

RT

�
(3)

where T is the temperature, R is the gas constant, DUo is the dif-
ference in internal energy between adsorbed and gaseous states
(change in internal energy), and Ko is the pre-exponential factor. Ko
and DUo are derived as the intercept and the slope of the van’t Hoff
plot, respectively. The value of the limiting heat of adsorption at
low coverage (DHo) can then be calculated as,

DUo ¼ DHo þ RT (4)

where T is taken as the average mean of the experimental range.
The second moment of the response peak (s2) can be calculated

as,

s2 ¼

Z ∞

0
cðt � mÞ2dtZ ∞

0
cdt

(5)

The experimentally determined second moments were also
corrected for the dead volume in the system.

Adsorptionwithin biporous adsorbent particle occurs in a series
of mass transfer steps: Diffusion of adsorbate molecules from bulk
to the adsorbent particle surface through the external film layer
around the particle, diffusion of adsorbatemolecules inmacropores
between the crystals, and diffusion of adsorbate molecules in mi-
cropores (within the crystals) to adsorption sites by micropore
(intracrystalline) diffusion. For a biporous adsorbent, under the
conditions of low sorbate concentration, isothermal operation,
axially dispersed plug flow regime in the adsorption bed, instan-
taneous equilibrium between the adsorbate containing carrier gas
and adsorbent phases, and negligible pressure drop across the bed,
the net second moment can be expressed as,

s2

2m2
¼ DL

nL
þ εbedv

Lðεbed � 1Þ

"
Rp
3kf

þ R2p
15εpDp

þ r2c
�
K � εp

�
15K2Dc

#�
1þ εbed

ð1� εbedÞK
��2

(6)

where DL is the axial dispersion coefficient, Rp is the average
adsorbent particle radius, rc is the adsorbent crystal radius, εp is the
particle porosity, Dp is the macropore diffusion coefficient, Dc is the
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intracrystalline (micropore) diffusion coefficient, and kf is the
external film mass transfer coefficient [67].

For gas adsorption systems, the value of K is generally high
hence εbed/[(1�εbed) K] is small. This yields (K�εp)/K2 z 1/K and Eq.
(6) becomes,

s2L
2m2n

¼ DL

n2
þ εbed
εbed � 1

 
Rp
3kf

þ R2p
15εpDp

þ r2c
15KDc

!
(7)

The first term on the right-hand side of this equation represents
the axial dispersion. The last term in parenthesis represents the
sum of mass transfer resistances that exist for adsorption to take
place in a column, packed with biporous adsorbent particles that
are composed of zeolite crystals. The terms in the parentheses are
external film mass transfer, macropore diffusion and micropore
diffusion resistances, respectively.

The external film resistance is generally correlated in terms of
dimensionless numbers of the type,

Sh ¼ 2kf Rp
.
Dm ¼ f ðRe; ScÞ (8)

where Sh, Re (2rgasvεbedRp/mgas) and Sc (mgas/rgasDm) are the Sher-
wood, Reynolds and Schmidt numbers, respectively, and Dm is the
molecular diffusion coefficient. mgas and rgas are dynamic viscosity
and density of the carrier gas, respectively.

For an isolated spherical adsorbent particle at low fluid veloc-
ities, Sh z 2, hence kf becomes,

kf ¼ Dm
�
Rp (9)

Substituting in Eq. (7) gives,

s2L
2m2n

¼ DL

n2
þ εbed

εbed � 1

 
R2p
3Dm

þ R2p
15εpDp

þ r2c
15KDc

!
(10)

The contributions from mass transfer resistances and axial
dispersion to the peak broadening can be separated by measure-
ments over a range of carrier gas velocities. Eq. (10) suggests that a
plot of the dispersion (s2L/2m2v) vs 1/v2 should be approximately
linear with slope DL and intercept given by the last term on the
right-hand side of Eq. (10). Consequently, the micropore diffusion
resistance is calculated by subtracting the contributions of the
external film and macropore diffusion resistances from the total
mass transfer resistance. Reliable values for the micropore diffusion
coefficient can only be obtained when it is the dominant mass
transfer mechanism.

Contributions from the external film and macropore diffusion
resistances can be estimated using the correlations given in the
literature. The molecular diffusion coefficient (Dm) can be esti-
mated by Refs. [68],

Dm ¼ 0:0018583T3=2
ð1=MA þ 1=MBÞ1=2

Ps2ABUAB
(11)

where T is the temperature,M is the molecular weight, P is the total
pressure, s is the collision diameter of the diffusing molecules, and
U is the collision integral.

In macropores, diffusion occurs through Knudsen andmolecular
diffusion. Relative importance of molecular or Knudsen diffusion is
largely determined by the average macropore diameter. Molecular
diffusion is the dominant mechanism if the mean free path of the
gas molecule is smaller than the average macropore diameter. The
Knudsen diffusion becomes the mass transfer controlling
mechanism if the mean free path is larger than the pore diameter.
Knudsen diffusion coefficient (DK) can be estimated from Refs. [69],

DK ¼ 9700rp

ffiffiffiffiffi
T
M

r
(12)

where rp is the average macropore radius, M is the molecular
weight, and T is temperature.

If the pore diameter is comparable to the mean free path the
macropore diffusion coefficient (Dp) is given by a combination of
molecular diffusion and Knudsen diffusivity, and can be estimated
by,

1
Dp

¼ t

�
1
Dm

þ 1
DK

�
(13)

where t is tortuosity factor. Experimental tortuosity factors
generally fall within the range 2e6 [67].

From a comparison of the mass transfer resistances measured
under different experimental conditions, it is possible to establish
which mass transfer resistance is dominant. Having predicted the
macropore diffusion coefficient from Eq. (13), the micropore
diffusion resistance can be calculated from Eq. (10). Consequently
the micropore diffusion coefficient (Dc) values are calculated. From
the temperature dependence of Dc by the Arrhenius type equation,

Dc

r2c
¼ Do

r2c
exp

�
�Ea
RT

�
(14)

the activation energy for micropore diffusion (Ea) can be calculated.
Here Do represents the limiting micropore diffusion coefficient.

2.3. Temperature-programmed desorption (TPD)

To investigate reversibility of the NO adsorption, the adsorbent
was saturated with 0.25 mL pulses of NO to 10 mL/min carrier gas
flow at 30 �C, the bed was then purged with helium flow of 20 mL/
min at 30 �C until the detector signal has reached the baseline.
Purpose of this purging step was to remove the gas-phase and
reversibly adsorbed NO species.

Temperature-programmed desorption (TPD) experiments were
performed by ramping the oven temperature to its maximum
temperature of 400 �C at a rate of 1 �C/min and keeping at this
temperature for 180 min under helium flow of 20 mL/min. During
the purging and TPD, the column outlet gas was monitored
continuously by the TCD.

3. Results and discussion

3.1. Concentration pulse chromatography (CPC)

The chromatographic response peaks obtained for the empty
column were symmetric, while tailed peaks were obtained from
the packed bed experiments. The chromatographic response peaks
to the NO pulses obtained under different experimental conditions
were processed to determine the first and second moments. Linear
relationships were obtained between the empty column first
moment and the superficial carrier gas velocity at the adsorption
temperatures with identical slopes. For the packed column, fairly
linear relationships (r2 � 0.994) were obtained between the net
first moment (mnet) and the reciprocal of the interstitial carrier gas
velocity at different temperatures (Fig. 2). The linear relationship
verified that the equilibrium has been reached in the column and
the pulse volume injected falls in the linear region of the adsorption
isotherms.



Fig. 2. Net first moment versus the reciprocal of the interstitial carrier gas velocity at
different temperatures.
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The Henry’s Law constants (K) calculated from the slopes of
these plots were in the range of 33.37e343.97. Dependence of the
Henry Law constant on temperature is shown in Fig. 3. The limiting
heat of adsorption and Ko values were calculated from Eqs. (3) and
(4) and given in Table 2. The values given in the literature for the
other natural zeolitic materials are shown in the same table. It can
be seen that the heat of adsorption determined in the present study
is higher than that reported in the literature for another natural
zeolitic material from other deposit in Turkey. The higher Henry’s
Law constants indicated stronger interaction between NO and the
adsorbent. It is known that electrostatic interactions between a
polar molecule such as NO and extraframework cations depend on
the cation content of the adsorbent.

At low equilibrium pressures (in the Henry’s Law region), in-
teractions between a polar adsorbate molecule and adsorbent
surface occur through electrostatic interactions between quadru-
pole moment of the polar adsorbate and the zeolite cations. The
strength of such interaction depends mainly on the overall in-
tensity of local electrostatic field originating from the ionic nature
Fig. 3. Van’t Hoff plot.
of the adsorbent framework and on the polarity (dipole and
quadrupole moments) and/or polarizability of the adsorbate mol-
ecules [70]. NZ has a higher Si/Al ratio (5.21) than that for another
zeolitic material from a different deposit in Turkey (Bigadiç) (re-
ported as 4.25) [59]. The amount of extraframework cations present
in a zeolite depends on the Si/Al ratio of the zeolite: As the Si/Al
ratio decreases, there are more Al atoms in the structure and hence
a greater cationic density of the zeolite [71]. The lower extra-
framework cation content results in a less interaction with a polar
adsorbate molecule. On the other hand not only the amount but
also the type of cation (valence, size etc.) influences the interactions
with the adsorbate. NZ contains mainly K2O (5.12 wt %) followed by
Na2O (1.85 wt %), CaO (1.49 wt %), and MgO (0.44 wt %) as well as
Fe2O3 (1.49 wt %) [66]. For the other zeolitic material from Turkey
(Bigadiç) the major cations were reported as Ca2þ (2.87 wt % CaO)
and Kþ (2.41 wt % K2O), followed by Mg2þ (1.99 wt % MgO), a small
amount of Naþ (0.32 wt % Na2O) and some Fe2O3 (1.27 wt %) [72].

In another study the isosteric heat of NO adsorption for cli-
noptilolite from Mexico were determined from the adsorption
isotherms at 0 �C and 20 �C as decreasing from 37.2 to 16.3 kJ/mol
for the NO loadings from zero to 0.7 mmol/g, respectively. The
loading dependence of the isosteric heat of adsorption reflects the
adsorbent surface heterogeneity [55]. The isosteric heat of
adsorption at zero NO loading reported was lower than the limiting
heat of adsorption determined in the present study. The higher
isosteric heat at low adsorbate loadings reveals stronger adsorbate-
adsorbent interactions.

Explanation of differences in Henry’s Law constant and limiting
heat of adsorption values for different natural zeolitic materials by
the cation content is valid if NO is adsorbed in the micropores of
clinoptilolite (the microporous constituent of the natural zeolitic
material). Otherwise the mineral composition of the zeolitic ma-
terial should be taken into account. Since natural zeolitic materials
contain other mineral phases beside zeolite, their zeolite content
also determines their adsorption characteristics [73].

The isosteric heats of NO adsorption were reported as 27.6 kJ/
mol for Na-mordenite [31], as 23.5 kJ/mol for H-mordenite, 18.4 kJ/
mol for H-ZSM-5 [33], 42e63 kJ/mol for Mg-mordenite, 38e42 kJ/
mol for Ca-mordenite, 33 kJ/mol for Ba-mordenite [34] at the
coverage of 0.02, 46.3 kJ/mol for mordenite at zero coverage [55],
37.3 kJ/mol for 5A pellets, 9.2 kJ/mol for 13X pellets and 20.1 kJ/mol
for natural mordenite extrudates by gas chromatography [62].

The plots of total dispersion (s2L/2m2v) versus 1/v2 are shown in
Fig. 4. The plots were fairly linear (r2 � 0.918) with slope of DL and
intercept given by the last term in Eq. (10). Such plots provide a
convenient means of distinguishing the mass transfer resistances
that the adsorbate molecules encounter during the adsorption.

The estimated values for Dm, DK and Dp are reported in Table 3
together with the dimensionless numbers and the pressure drop.
In calculation of DK (Eq. (12)), the average macropore radius (rp)
value of 3.063 nm which was determined from the N2 desorption
isotherm at�196 �C by the application of the BJHmethodwas used.
The particle tortuosity value of 6was used in the calculation ofDp in
order to maximize the contribution from the macropore diffusion
to the total resistance. Axial dispersion occurs due to contributions
from molecular diffusion in the interparticle void spaces and tur-
bulent mixing due to the splitting and recombination of flows
around the adsorbent particles. The ScRe values lower than 10
indicated dominance of molecular diffusion in axial dispersion and
DL is independent of velocity as Re < 100 [74]. The pressure drop
across the bed calculated using the Ergun equationwas in the range
of 0.003e0.019 bar and assumed to be negligible.

The contributions from different mass transfer resistances to the
total mass transfer resistance are given in Table 4. The external film
mass transfer (Rp2/3Dm), and macropore diffusion resistances (Rp2/



Table 2
Heat of adsorption and pre-exponential factor values for NO.

Adsorbent (deposit) T (�C) Ko (dimensionless) �DHo (kJ/mol) Method Reference

Clinoptilolite (G€ordes, Turkey) 30e80 2.52 � 10�5 44.1 Gas chromatography Present study
Clinoptilolite (Bigadiç, Turkey) 100e200 6.30 � 10�4 39.4 [59]
Clinoptilolite (Mexico) 0, 20 e 37.2 Volumetric [55]

Fig. 4. Plots of total dispersion (s2L/2m2v) vs 1/v2.

Table 3
The estimated values of the diffusion coefficients and dimensionless numbers.

T (�C) DK (cm2/s) Dm (cm2/s) Dp (cm2/s) Re Sc

30 9.44 � 10�3 0.7400 1.55 � 10�3 0.007e0.071 1.14e1.52
40 9.60 � 10�3 0.7812 1.58 � 10�3

60 9.90 � 10�3 0.8668 1.63 � 10�3

80 1.02 � 10�2 0.9567 1.68 � 10�3

Fig. 5. Temperature dependence of the total mass transfer resistance.
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15εpDp) were estimated through Eqs. 11e13 and the micropore
diffusion resistance (rc2/15KDc) was calculated by subtracting the
sum of the external film and macropore diffusion resistances from
the total mass transfer resistance, intercept � (1�εbed)/εbed, ac-
cording to Eq. (10). From Table 4, it can be seen that the contribu-
tions from external film mass transfer and macropore diffusion
resistances are negligible as compared to that from the micropore
diffusion (with more than 94.6% of the total resistance) being the
dominant mass transfer mechanism for NO adsorption in NZ.
Relative importance of internal and external mass transfer re-
sistances can be determined by the Biot number (Bi¼Sh Dm/6εpDe)
where De is the effective intraparticle diffusion coefficient. The
criterion for negligible external mass transfer resistance is given as
Bi > 20 [67]. The calculated Bi numbers in the present study were
Table 4
Mass transfer resistances and their contribution to the total mass transfer resistance (%)

T (�C) Mass transfer resistances (s)

Total External film, Rp2/3Dm Macropore diffusion, Rp2/15εpDp Micropore

30 0.081 1.33 � 10�5 4.34 � 10�3 0.076
40 0.174 1.26 � 10�5 4.27 � 10�3 0.170
60 0.233 1.14 � 10�5 4.13 � 10�3 0.228
80 0.253 1.03 � 10�5 4.01 � 10�3 0.249
above 70 clearly implying control of the intraparticle diffusion in
the NO adsorption in NZ.

The total mass transfer resistance increased with the bed tem-
perature as shown in Fig. 5 also indicating dominance of the
micropore diffusion in NO adsorption since the only strongly
temperature-dependent resistance on the right hand side of Eq.
(10) is micropore diffusion.

From the temperature dependence of the micropore diffusion
coefficient (Dc) given by Eq. (14), the activation energy for micro-
pore diffusion (Ea) was calculated from the slopes of semi-log plots
of Dc/rc2 (micropore diffusion time constant) versus the reciprocal of
the temperature (Fig. 6) and reported in Table 5.

The high activation energy for micropore diffusion reflects a
high kinetic barrier to diffusion. This is expected in our case since
the kinetic diameter of NO molecules (3.17 Å, [59]) is close to the
channel dimensions of the clinoptilolite. Micropore diffusion is an
activated process and the temperature dependence can generally
be correlated according to Eq. (14). In small-pore zeolites in which
the free aperture of the window is only slightly greater than the
critical diameter of the adsorbate molecule, the activation energy
correlates directly with critical molecular diameter suggesting that
the rate-limiting step is the passage of the adsorbate molecule
through the zeolite windows [67]. Furthermore diffusion of
.

Contribution to total mass transfer resistance (%)

diffusion, rc2/15KDc External film Macropore diffusion Micropore diffusion

0.0017 5.37 94.62
0.0072 2.45 97.55
0.0049 1.78 98.22
0.0041 1.58 98.41



Fig. 6. Dependence of Dc/rc2 on temperature.
Fig. 7. Plot of Dc/rc2 versus K.
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molecules in such small pores is very restricted because of the ef-
fect of potential field of the wall atoms. Adsorbate molecules in the
micropores are considered to be on the adsorption sites. These
molecules move from site to site across the potential energy barrier
[74]. In such diffusion, the interactions between the cations in the
cages and the gas molecules play an important role [62]. The con-
tributions of the framework and extraframework cations and
adsorbate molecules to these internal fields are all important and
interdependent [75]. It was reported that changing the cations in a
zeolite, the pore openings can be effectively modified as a result of
change in the cation population and/or a relocation of cations [71].
As a consequence, the discrepancies in the activation energies for
micropore diffusion for clinoptilolite-rich natural zeolitic materials
from different deposits can be explained by differences in the types,
locations and amounts of the cations present in the micropores.
Furthermore adsorption capacity and selectivity of a zeolite are
dependent on its dehydration level. The activation process
employed prior to the adsorption can result in migration of the
cations, hence the cation locations and pore openings change so the
diffusion rate [50]. Hern�andez-Huesca et al. activated the cli-
noptilolite at 300 �C in an oven constantly evacuating up to a re-
sidual pressure of 10�3 Torr and keeping under these conditions for
3 h prior to the NO adsorption [54] which is different from the
activation procedure employed in the present study. Significant
influence of the regeneration procedure on the uptake rate and
diffusion coefficient has been reported in the literature [76e78].
Even the controlling resistance might change from intraparticle
diffusion to surface resistance control depending on the activation
conditions [76].

The log-log plot of reciprocal micropore diffusion time constant
(Dc/rc2) versus Henry’s Law constant is shown in Fig. 7. This trend
can be interpreted as stronger adsorption results in larger activa-
tion energy of jump and consequently slower diffusion.
Table 5
Do/rc2 and Ea values for micropore diffusion of NO.

Adsorbent (deposit) T (�C) Do/rc2 (1/s)

Clinoptilolite (G€ordes, Turkey) 30e120 34,574.6
Clinoptilolite (Mexico) 0, 20 e

Erionite e

Mordenite e
Similar relationship between Dc/rc2 versus K was recently given
in the literature for BPL activated carbon and 13X zeolite [79] and
for a metal organic framework (UTSA-16) [80] for adsorption of N2,
CO, CO2 and CH4 gases. This correlation was suggested for rough
estimation of the reciprocal diffusion time constant of a given gas
by estimating the K value only. Linear relations were obtained be-
tween activation energies of diffusion in micropore and isosteric
heats of adsorption for several gases for molecular sieve carbons by
Chihara et al. [81].

In the pores for which the diameter is comparable to that of the
diffusing molecule, the diffusing molecules cannot escape from the
force field of the pore walls. In this pore region diffusion occurs by
an activated process in which the molecules jump randomly be-
tween neighboring low energy sites. This diffusion regime is
referred as configurational diffusion, activated diffusion or zeolitic
diffusion. The micropore diffusivity changes considerably with the
molecular dimensions of the sorbate molecule and the free di-
mensions of the channels. The geometry of the pores, chemical
composition of the zeolite (type, charge and distribution of the
cations), shape, size, polarity and concentration of the diffusing
molecules, and temperature strongly affect diffusion in the micro-
pores. Micropore diffusion is sensitive to the complete or partial
blockage of the certain channels [77].

The slow adsorption of NO observed for clinoptilolite from
Mexico was explained by the formation of NO dimers (N2O2) inside
the micropores, blocking the diffusion of further NO molecules into
the same pores [55]. Formation of NO dimers was also reported in
the literature for LTA zeolite [82], sodium mordenite [31] and iron-
modified activated carbon fibers [83,84].

Ma and Mancel explained the higher diffusional resistances for
NO in the natural mordenite as compared to 13X and 5A by the
increased ease of flow in the three-dimensional network of 13X and
5A. The larger diffusion coefficient for NO in 13X pellets
Ea (kJ/mol) Method Reference

41.4 Chromatographic Present study
19 Volumetric [54]
24
9
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(7.1� 10�2 cm2/s at 261 �C) than in 5A pellets (2.29 � 10�2 cm2/s at
261 �C) was attributed to the large openings of the faujasite type
cages. The much lower diffusion coefficient for the natural mor-
denite extrudates (0.72 � 10�2 cm2/s at 261 �C) was explained by
the different pore systems for diffusion: one-dimensional for
mordenites as compared with three-dimensional for 5A and 13X
sieves. It must be noted that these diffusion coefficients are the
overall effective diffusion coefficient which includes the contribu-
tion from both the micropores and macropores. The activation
energies for diffusion of NOwere reported as 17.6, 79.5, and 34.3 kJ/
mol for 13X, 5A pellets, and natural mordenite extrudates,
respectively. The high activation energy is associated with high
isosteric heat of adsorption [62].

In considering kinetic separation diffusion processes the value
of Dc/rc2 can be used to calculate the kinetic separation factor, which
is useful in predicting promising separation conditions.

For an adsorbent to be used in a cyclic adsorption/separation
process, it should have high reversible adsorption capacity and high
selectivity. Therefore besides the adsorption equilibrium and ki-
netic properties the reversibility of the adsorption is important.

The irreversibility of the NO adsorption was examined through
successive NO pulse injections to the column without heat treat-
ment or evacuation before the pulses. Variation of the retention
time and area of the response peaks with the injection number is
shown in Fig. 8. The retention time of the response peak decreased
with the injection number while the area increased implying the
irreversibility of the NO adsorption. NZ adsorbed less NO than the
previous injection for the first 80 injections. For further injections
the response peak area did not change probably indicating satu-
ration of the strong adsorption sites. In the literature decrease in
the retention time and areas of the response peaks with the in-
jection number was reported for NO adsorption in commercial 5A
pellets [61]. The irreversibility of NO adsorption in NZ was also
reported in our previous study based on the adsorption and
desorption breakthrough curves [66].

Irreversibility of NO adsorptionwas reported in the literature for
clinoptilolite from Mexico. Contribution from irreversible NO
adsorption on this clinoptilolite was found to be dependent on the
NO pressure and varied in the range of 49e57% of the total
adsorption. The irreversibility was explained by formation of
dimeric NO complexes in the micropores which could not be
evacuated from the micropores at 20 �C [54,55]. Reversibly and
Fig. 8. Variation of the effluent peak area and retention time with the successive in-
jections of NO pulses at 30 �C.
irreversibly adsorbed amounts of NO greatly change with the type
of exchanged metal (transition, alkaline earth, alkali or earth
metals) and with the zeolite topology. For alkaline earth metal-
exchanged MFI zeolites higher reversible NO adsorption capac-
ities than the irreversible one were previously reported [37].
3.2. Temperature-programmed desorption

After the adsorbent was saturated with the NO pulses, the bed
was purged with pure helium at 20 mL/min flow rate at 30 �C in
order to remove the gas-phase and reversibly adsorbed NO. During
this purging step, the detector signal decreased continuously and
reached the baseline after 4 h. After that the oven temperature has
started to be increased to 400 �C at a rate of 1 �C/min. The
composition of the column outlet stream was continuously moni-
tored by the thermal conductivity detector. The TPD profile recor-
ded is shown in Fig. 9. Since the weakly adsorbed NO species were
removed by the helium purge at 30 �C, the peaks detected in the
TPD profile were indication of strongly adsorbed NO species.
Desorption of these species has started at temperatures as low as
30 �C and has not been completed at 400 �C. Two symmetrical
peaks were detected at 80 and 240 �C in the TPD profile. Another
species has started to desorb around 294 �C, but the desorption has
not been completed since the temperature increase has been
terminated. The multiple peaks implied presence of distinct
adsorption sites for NO and formation of species with different
thermal stabilities.

As the temperature increases, particularly adsorbed species are
detected as a peak in the TPD profile. Presence or absence of
desorption peaks in a TPD profile can also be interpreted in terms of
accessibility of the active sites to NO molecules. Area of the peak is
related to the concentration of the desorbed species. The area of the
second peak was less than the first peak that is most of the strongly
adsorbed species desorbed below 120 �C.

In our previous study, transmittance IR spectra for NZ after
saturation with NO, the purging and TPD were reported [66]. A
sharp and intense band detected at 1385 cm�1 in the transmission
spectrum of the NO loaded NZ lost intensity appreciably after
heating to 400 �C under helium flow. Upon contact with water, the
NO loaded NZ exhibited antibacterial activity due to release of the
irreversibly adsorbed NO. The 1385 cm�1 band was assigned to
nitrate species and formation of the nitrate species in the absence
Fig. 9. TPD profile for NZ.



Table 6
Calculated activation energies for desorption of the strongly adsorbed NO species detected in the TPD profile.

TPD peak Desorption temperature, Tp (�C) Activation energy for desorption, Ea,des (kJ/mol)

1st peak 80 107.80
2nd peak 240 158.30
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of oxygenwas explained by involvement of the lattice oxygen in the
reaction [66].

NO is a strong Lewis base and, when it has a s-bonded inter-
action it is more firmly adsorbed on cationic sites. Furthermore, due
to an unpaired electron in the NO molecule, NO is adsorbed as di-
mers [85]. The NO coordination to the unsaturated metal cations in
dehydrated zeolites is different from the physical adsorption since
it involves electron transfer between them. It was stated that the
NO interacts with the extraframework cations in zeolites through
the nitrogen atom to form either mononitrosyl or dinitrosyl com-
plexes [86]. Ivanova and co-workers reported that symmetric ni-
trates have formed on NaY upon NO adsorption that were stable up
to around 400 �C [87].

The Redhead equation [88] was used to calculate the desorption
energies of the different species observed in the TPD profile,

Ea;des
RT2p

¼ h

b
exp

�
� Ea;des

RTp

�
(15)

where Ea,des is the activation energy for desorption, Tp is the tem-
perature at which the desorption maximum occurs, h is the pre-
exponential factor and b is the heating rate.

The desorption activation energies calculated using Eq. (15)
with a pre-exponential factor of 1013 s�1 are given in Table 6.
Note that these calculations only give the approximate values as an
assumption has been made that the desorption reaction is first
order. Furthermore the Redhead equation assumes that the acti-
vation energy for desorption and the pre-exponential factor are
coverage independent.

For the kinetic analysis from a single TPD curve, a simple
method has been proposed by Konvalinka et al. [89] by applying the
method originally developed by Kissinger [90] to determine the
reaction order of thermal decompositions of solids. In this method,
the desorption order (n) can be determined from the shape index of
the TPD peaks assuming a ratio of 1.08 between the temperature at
the inflection points,

n ¼ 1:26S1=2 (16)

The shape index (S) is defined as the ratio between the slopes of
the tangents to the TPD curve at the inflection points. In the present
study the orders of desorption reactions corresponding to the first
and second peaks were calculated as 1.43 and 1.46 from Eq. (16),
respectively.

The high desorption activation energies implied chemisorption
of NO in NZ. For that reason NZ is not a suitable adsorbent for cyclic
adsorption processes for NO separation where thermal swing
desorption is employed due to high irreversibility of the adsorption.
The high irreversibility dictates high energy requirement for
desorption of the adsorbed NO species by thermal swing adsorp-
tion. Displacement of the adsorbed component from the saturated
adsorbent by a desorbent which is more strongly adsorbed than the
adsorbed component is another common regeneration method.
The choice of desorbent is crucial to the success of such a process. If
the desorbent is too strongly adsorbed it cannot be effectively
displaced from the bed during the adsorption cycle, leading to very
low utilization of adsorbent capacity or poor product recovery,
while if the desorbent is too weakly adsorbed, a very large
desorbent flow rate and a long desorption period are required in
order to desorb the adsorbed product during the regeneration cycle
[67]. In the case of NO adsorption, the adsorbed NO can be dis-
placed by water molecules which have higher affinity for NZ.

Displacement of the irreversibly adsorbed NO from the metal-
exchanged A zeolites has been achieved by passing an inert gas
(nitrogen) with controlled relative humidity through the NO-
loaded zeolites. It was stated that the relative humidity of the gas
as well as the chemical composition of the zeolite is important in
controlling the release rate of the adsorbed NO [63]. The irrevers-
ibly adsorbed NO was released by contacting the NO-loaded NZ
with water was also reported in our previous study [66]. NO and
NO2 coadsorbed in NaeY zeolite as N2O3 was displaced by
competitively adsorbed water molecules from a hydrated air
stream (5e40% water) at the adsorption temperature. The water
content of the flushing stream and the stripping gas flow rate are
key process parameters. Generation of a high partial pressure of
steam by liquid water injection in the bed of N2O3 saturated NaeY
led to immediate desorption of the NOx, which can then easily be
evacuated with a small stream of dry air [26].

4. Conclusions

In the present study, NO adsorption equilibrium and kinetic
parameters for a local clinoptilolite-rich natural zeolitic material
from Turkey (G€ordes deposit) were determined by the concentra-
tion pulse chromatography method. Under the experimental con-
ditions (carrier gas velocities and bed temperatures) the micropore
diffusion resistance was found to be the mass transfer controlling
step. Therefore it was possible to determine the micropore diffu-
sion coefficient and activation energy for diffusion of NO in the
micropores of clinoptilolite.

From inspection of the retention times and areas of the response
peaks obtained from successive NO pulses, it was shown that NO is
adsorbed in clinoptilolite irreversibly.

The reversibly adsorbed NO could be desorbed by purging with
a nonadsorbing inert gas at the adsorption pressure and tempera-
ture. Temperature programmed desorption profile obtained by
heating the NO-saturated adsorbent to 400 �C under inert flow
revealed presence of multiple irreversibly adsorbed species in NZ
with different thermal stabilities. Presence of other irreversibly
adsorbed species that could be desorbed above 400 �C was also
interpreted from the TPD profile. The strong interaction of NO with
the clinoptilolite-rich natural zeolitic material makes this material
suitable for NO storage rather than for cyclic adsorptive separation
processes.
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