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1 | INTRODUCTION

Caiyi Lou®? | Mao Ye! | Zhongmin Liu'?

Abstract

The zero-length column (ZLC) method has been frequently used to measure the
effective diffusivity of guest molecules in nanoporous crystalline materials. Recent
studies unveiled that the mass transport of guest molecules could originate from
either intracrystalline diffusion and/or surface barriers. Directly quantifying the intra-
crystalline diffusivity and surface permeability of guest molecules. therefore, is essen-
tial for understanding the mass transfer and thus optimizing the design of
nanoporous crystalline materials. In this work, we extended the ZLC method, based
on a derived theoretical expression of the desorption rate, to decouple the surface
barriers and intracrystalline diffusion from effective diffusion of guest molecules in
nanoporous materials. The diffusivities of ethane, propane and n-pentane in SAPO-
34 and Beta zeolites have been experimentally measured to verify the effectiveness
of this method.

KEYWORDS

intracrystalline diffusion, mass transfer, nanoporous materials, surface barriers, zero-length
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energy difference of guest molecules between gas/fluid phase and

adsorbent space.*°32 Quantifying these two mechanisms presents a

Nanoporous crystalline materials are widely used in the industrial
catalysis,? gas separation,®* and emerging energy technologies.> The
mass transfer of guest molecules in nanoporous materials is of funda-
mental importance because it is related to, for example, the catalytic

%7 and separation performance.21° Therefore, the

reaction activity
rational design and efficient utilization of nanoporous crystalline
materials require in-depth understanding of the underlying mass
transport phenomena.*>*2 Many studies have shown that there exist
two mechanisms for mass transport resistance of guest molecules in
nanoporous crystals, that is, the intracrystalline diffusion resistance
and surface barriers.>> 22 Both mechanisms could dominate the mass
transfer of guest molecules in nanoporous materials?>~22 though they
have quite different origins. The intracrystalline diffusion is mainly
affected by the interaction between host and guest molecules as well

2629 \while the surface

23,27,28

as the topological structure of the materials,

barriers originated from blockage of surface pores or the large

key challenge in the industrial applications of nanoporous crystalline
materials.

In a recent work, a theoretical method has been proposed to dis-
tinguish the intracrystalline diffusivity and surface permeability using
the adsorption data measured by intelligent gravimetric analyzer
(IGA).2® Note that the zero-length column (ZLC) technology, which

34,35

was first developed by Eic and Ruthven, represents a versatile yet

easily accessible approach that has been widely used for studying the

diffusivity of guest molecules in nanoporous. materials, 3637

the pur-
pose of this paper is to establish a theoretical approach to quantify
the respective contributions of intracrystalline diffusion and surface

640 measured by ZLC.

barriers to overall effective diffusivity

In the ZLC technology, an inert gas is purged to desorb the target
gas molecules preabsorbed in a small well-mixed sample at certain
partial pressure. Thus the effective diffusivity measured by ZLC is

essentially based on the desorption rate curves. Conventionally
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variable separation has been considered as a main approach to derive
the diffusivity by solving the diffusion equation. In a contribution
Ruthven et al.*! tried to estimate the surface permeability by use of
the variable separation to obtain the intercepts with different sets of
purge rates based on the long-time method. This was an interesting
attempt to decouple surface barriers from the intracrystalline diffu-
sion. Here, we derived an analytical expression of surface permeability
through the Laplace transform of the governing equation describing
the desorption of guest molecules in ZLC cell. In this way, we can
offer a direct way to simultaneously obtain surface permeability and
intracrystalline diffusivity of guest molecules by use of ZLC, which is
expected to favor the understanding of mass transfer mechanisms in
nanoporous materials.

2 | THE MODEL

As shown in Figure 1A, a sample of nanoporous materials is packed in
the ZLC cell. The mass transfer during the desorption of guest mole-
cules in nanoporous materials, under the assumption of Fick's law,*?

can be described as

0q %q
ot~ Poe (1a)
where g (kmol/m?3) is the loading of adsorbate molecules in nanopor-
ous materials, t (s) is the time, D (m?/s) is the intracrystalline diffusivity
and x (m) is the Cartesian coordinates. And the initial and boundary

conditions are

ql_o =qo forallx (1b)
aq
b= X:‘*“(fC*q|x:l) (10)
(A) To detector
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aq B
o e 0 (1d)

where qo (kmol/m®) is the value of q at initial steady state, a (m/s)
is the surface permeability, | (m) is the half thickness of
the nanoporous materials in the shape of a plane sheet, that
is, the characteristic length of the intracrystalline diffusion,
f (dimensionless) is the dimensionless Henry constant, and ¢ (kmol/
m?q) is concentration of adsorbent molecules in the gas phase.

By purging carrying gas, the adsorbate molecules are desorbed
from the nanoporous materials. Considering the thin bed of
nanoporous materials with a relatively large velocity of gas, we
can assume the adsorbent molecules are perfectly mixed, and
the concentration could reach equilibrium quickly. Then the con-
centration of adsorbate molecules in the carrying gas can be

described as.

dec Dadq
A N @)
which can be reduced to
D odq
=k hox, ©

suppose that dc/dt =0. Here k¢ (1/s) represents the ratio of the vol-
ume of purging gas to the void fraction of the bed. Note that
h=V,-¢/Sp/(1—¢), where ¢ (dimensionless) is the void fraction of the
bed, and V, (m3) and Sp (m?) are the total volume and area of crystals,
respectively.

From Equation (2), we can replace ¢ in Equation (3) with
9

ﬁﬂx:r Then Equation (1) could be rewritten in the dimension-

less form:

(B)

Surface barriers

d™/y.y) _ oq «
dr Y] S
n=1
\ 4 Yt

m| e 1 #

me, L1+ Ff V=s-1
-1 0 l
n=-1 n=1

(A) Schematics of the ZLC experimental arrangement for mass transfer studies in nanoporous solids: The nanoporous material

installed in the ZLC column is assumed to be in the shape of a half-plate. (B) The guest molecules are desorbed from the inside and need to
experience the limitations of intracrystalline diffusion (pores and cages) and surface interface barriers (blue-gray at the edges of the material).
Here, our experiments are all under low loading of adsorbates, and molecular interactions can be ignored.
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Q% % H - [exp(v/sn) + exp(—+/5n)] ®)
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aq 62q 42 Then, we can derive the solution:
T an?
9q _
o0 ) S T VA) 00(v8) + (V) -op( V)
L
9q —
Tl ="Hal_ (4¢)
Al 1+F'f R - Equation (8) can also be written as
Aleo =40 (4d)

Note that the dimensionless quantities above are defined as T:%,

_a _ L
F_kfh’ H_1+Ff’

time of intracrystalline diffusion to that of surface permeability.

and L:%. Here L implies the ratio of characteristic

Equation (4) can be solved by using the method of separation of
variables

a0n,7) _ g~ 4sin(By)

2
do 2P+ sin(2h,) xp(—n"z) cos(Bun) (5a)

Batan(B,)=H (5b)

where f, is calculated by the roots of the transcendental equation
Equation (5b). The derivation of the solution, Equation (5a), can also be
found in “The Mathematics of Diffusion”*® by J. Crank (second edition,
p. 60, Equation 4.50).® But here our solution can be considered as a
special case specifically for ZLC measurements by assuming g.=0.
Finally, the expression of the ZLC desorption curve can be obtained

(for the detailed derivation process, see Supporting information),

L? D
=1- Zn 1m xp<fﬂn2’7t> (6)

where c(t) (kmol/m°) is the concentration of adsorbate molecules in
the gas flowing out of the ZLC cell at time t, ¢ (kmol/m?®) is the value
of c(t) at initial steady state, c(t)/co is the normalized concentration
at the release time t. It can be seen from Equations (5) and (6) that the
solution of the desorption amount obtained by the variable separation
method contains the combined resistance caused by both intracrystal-
line diffusion and surface barriers, which are respectively described by
intracrystalline diffusivity and surface permeability. Thus, effect of
either the intracrystalline diffusion or surface barriers cannot be
directly quantified solely using Equation (6).

We further consider a solution suitable for small t by expanding
the expression using the Laplace transform in a series of negative
exponents** (see detailed derivation of Equations (7)-(17) in Support-
ing Information). By applying the Laplace transform to Equation (4),
we can obtain:

d2

W?_Q'qu =0 (7a)
daQ  _

dl,_o =9 (7b)
o et = HQln- (7¢)

Here Q is used to replace g as in Equation (4):

Q 1 H [exp[f(ifn)\/ﬂ +exp[—(1+n7)v5]]
do s (H+\/§)

S (%) o209 ®)

n=0

When only the first term (n = O) is considered, the above equation

becomes

1 H
‘%:g_m [exp[—(1—n)V/s] + exp[—(1+n)v/s] +..]  (10)

According to the inverse Laplace transform,

1{’_"Seg(ﬁS__\I;_;)[s>}——exp(Hk-&-HZ) erfc(Hf#—z\/_)
d
+erfc<2\/_>d3 o
—0 (11)

we can obtain the loading of adsorbate molecules at initial stage (i.e., a

small t)
Q_1 H = (H=v5Y
= s sV ;(71) <H+ﬁ) exp[—(—2n+1—n)V5s]
> n H_\/g !
+;(71) <H+\/§> exp[(2n+1+ﬂ)\/ﬂ}

(12)

Since at the boundary we have =1, the expression of q at initial
stage becomes

ql,-1 _

% (13)

1— [1exp<H2 ) erfc(H\/—)+erfc<2\/_)

—exp[2H+H2] erfc(Hf—&-z\/_)}

Note that Equations (11) and (13) are valid only when time 7 (or t) is
small, the Equation (13) can be further simplified to

1~>0

al,—

=1- [1 —exp (Hzr) -erfc(H\/{-)} =exp (Hzr) -erfc(Hy/z)
(14)

As shown in Figure 1B, the desorption of adsorbate molecules
can be alternatively described in differential form as (see details in

Supporting information)
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d(miwy) g (15)

dr 7711 =1

Here, m; (kg) is the mass of adsorbate molecules desorbed from nano-
porous materials at time t, M (kg/m?) is the molar mass of adsorbate
molecules, and V (m®) is the volume of the half plane sheet. A solution
of outflow mass can be obtained (see detailed derivation of

Equation (S50) in Supporting information):

me [4r 1—exp (H21> erfc(H\/7) 16)
Mme Vr H

Expanding Equation (16) by Taylor series of variable /z (for
detailed derivation, see Supporting information), we obtain

t—0 1

o a2
I 1+Ff

Mg

(=73

(\/E)z (17)

with F:ﬁ. Here m¢/myotq is the normalized loading of the adsorbate
molecules desorbed from nanoporous materials at time t.

In Equation (17), through Laplace transform, the intracrystal-
line diffusivity and the surface permeability can be easily
decoupled, compared to Equation (6) obtained by the method of
separation of variables. The outflow mass at the initial stage of
desorption is dominantly controlled by the surface barriers with
negligible effect of intracrystalline diffusion. A further check
shows that m;/m,, is actually a quadratic function of the square root
of desorption time. Meanwhile, the quadratic term coefficient is
related to the surface permeability, the size of samples, the desorption
gas velocity and the Henry constant. Except for the surface perme-
ability, other parameters can be obtained in advance; The desorption
gas velocity is set experimentally, and the Henry constant is obtained
from the isotherm adsorption curve (see Supporting information for
details). Therefore, according to Equation (17), the zero-length column
technique can directly quantify the surface barriers of adsorbate mol-
ecules of mass transfer in nanoporous materials. The normalized efflu-
ent mass is obtained by integrating the concentration curve (ZLC
measurement) against time. Then, the surface permeability is deter-
mined by fitting the initial normalized outflow mass curves to
Equation (17). In practice, due to the effect of dead volume, the
appropriate desorption initiation moment needs to be chosen based
on the criterion that the fitted curve has the maximum coefficient of
determination with the experimental data. Ultimately, the whole
desorption curve can be further fitted to obtained intracrystalline dif-
fusivity with Equation (6).

In this way, the desorption curves of ZLC can be used to directly
obtain the surface permeability and intracrystalline diffusivity with
well-defined physical meanings using the decoupled surface diffusion
and intracrystalline diffusion models. Note that a constant tempera-
ture of system was assumed in the derivation above. The temperature

of ZLC cell, therefore, should maintain unchanged in the real

experiments, and thus we can ignore the temperature variation during

the mass transfer process of guest molecules in nanoporous materials.

3 | EXPERIMENTAL METHOD

3.1 | Sample synthesis and characterizations

Two SAPO-34 samples were used for experimental measurement,
which were named SAPO-34-7 um and SAPO-34-2pm according to
the size of crystal, respectively. The synthesis procedures of SAPO-
34-7pm used in the experiments were reported in previous work.*®
The SAPO-34-2 um was purchased from Catalyst & Catalysis Technol-
ogy Company, Dalian, China. X-ray diffraction pattern (XRD) of the
samples were obtained by powder X-ray diffraction on a PANalytical
X'Pert PRO x-ray diffractometer operating at 40 mA and 40kV with
Cu Ka radiation (A =0.154059 nm) in the 26 range from 5° to 40°.
The morphological characteristics and crystal sizes of SAPO-34 sam-
ples were recorded by using a Hitachi SU8020 field emission scanning
electron microscope. The nitrogen adsorption-desorption isotherms
at 77 K were measured by Micromeritics ASAP 2020. The samples
were degassed at 673K for 6 h under vacuum to remove adsorbed
moisture. The surface area, total pore volume, and micropore
volume were calculated by Brunauer-Emmett-Teller (BET) and t-plot
methods. The adsorption isotherm of the ethane on the sample was
measured by Micromeritics Gemini 2390. The samples were placed at
623K for 6 h under nitrogen flow to remove adsorbed moisture. The
chemical composition of each SAPO-34 sample was determined with
a Philips Magix-601 spectrometer. The temperature-programmed
desorption (TPD) profiles of ammonia were recorded on a chemical
adsorption instrument, namely Micrometric 2920. For experimental
operations, 100 mg the sample of 40-60 mesh was heated for 1h at
873K in a quartz U-shaped reaction tube under He gas flow. Then the
sample is saturated with ammonia until the temperature drops to
373 K. Next the NH3-TPD was executed at a constant rate of 10K/
min from 373 to 873 K. The details and data processing of diffusion
measurement for the samples are detailed in Supporting information.

3.2 | ZLC experiment

The release rates of adsorbates on the samples were measured by the
ZLC technology. Prior to the measurements, the sample was activated
in N5 flow (80 mL/min) at 473 K for 8 h. Then, the adsorbate mole-
cules under the dilution of N, were introduced into the ZLC cell until
the porous materials were saturated with the adsorbate molecules by
adsorption. After the adsorption of adsorbates on the sample reached
equilibrium, the four-way valve was switched to purge N, into the
ZLC cell, and adsorbate molecules were introduced into the flame ion-
ization detector (FID). Meantime the transient outflow concentration
was recorded. The ZLC cell is operated at ambient pressure and

varying temperature. Three measuring temperatures were used for
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propane (303, 313, and 333 K) and one for ethane (303 K). Based on
the method we developed above, we can directly quantify the surface
barriers in the sample, which can be further used to obtain the intra-
crystalline diffusivity by fitting the overall desorption ZLC curve (see
Supporting information for details).

4 | RESULTS AND DISCUSSION

41 | Validation of the model at different gas
velocities

In Equation (17), the initial normalized desorption rate is related to the
velocity of purge gas. Here, the diffusion of propane in SAPO-
34-2um zeolites measured by ZLC, different velocities of purge gas
were set to quantify diffusion to validate the model. As shown in
Figure 1 and Table 1, similar surface permeability and intracrystalline
diffusivity were obtained at different velocities, the deviation of the
measurement result from the average value is within 2%. In
Equation (17), when the gas velocity increases, the coefficient of the
guadratic term of the initial desorption curve increases. The experi-
mental data shows this trend and can be well fitted by Equation (17),
thus verifying applicability of Equation (17) at different gas velocities.
The results of diffusion show that surface barriers are determined by
the host-guest interaction independent of the velocity of purge gas.
Under the current gas velocity, the effect of external diffusion on the
measurement can be excluded, and stable results can be obtained by

developed method (Figure 2).

4.2 | Diffusion of ethane on SAPO-34 quantified
by various methods

In previous studies, the effective diffusivity measured by macroscopic
techniques, for example, ZLC technique often has a gap of nearly one
order of magnitude with that measured by microscopic techniques. In
order to reveal the reasons underlying the gap between macro- and
micromeasurement techniques, and improve the credibility of the
measurement results of ZLC method, the diffusion of ethane in
SAPO-34-7 um was measured by the ZLC technique (303 K) and PFG
NMR technique (298 K) respectively. The initial (Figure 3A) and overall
curves (Figure 3B) of the desorption efflux can be well fitted by Equa-

tions (17) and (6), respectively, to obtain the surface permeability and

TABLE 1 Surface permeability and intracrystalline diffusivity of
propane in SAPO-34-2 ym at 313 K measured with different velocities
of purge gas.

The velocity of Surface Intracrystalline
purge (mL/min) permeability (m/s) diffusivity (m?/s)
55 2.88 x 1079 2.80 x 107
60 2.86 x 1079 2.84 x 107
71 2.86 x 1079 2.94 x 107

AI?BIFJ R NALJLf9

intracrystalline diffusivity. As shown in Figure 3C, the effective diffu-
sivity obtained by the long-time method® is 1.84 x 10~ m?/s, which
is significantly lower than the intracrystalline diffusivity. Generally, the

effective diffusivity can be calculated by®2%27:33

1 1.3
Def D ol

(18)

Thus the effective diffusivity of ethane in SAPO-34-7 um zeolites
obtained by Equation (18) is 1.39 x 10~ *¥m?/s, which shows that the
surface barriers constitute the main reason for the significantly lower
effective diffusivity. Furthermore, we used PFG NMR technology to
measure ethane in this sample, and showed that the self-diffusivity is
D=5.1%x10"12m?/s. The intracrystalline diffusivity with decoupled
surface barriers obtained from Equation (17) is slightly smaller than
the self-diffusivity, which is in the same order of magnitude. In this
experiment, the gap between the two is speculated to be caused by
different loads. The zero-length column requires a very low load, and
the NMR maintains a 60% ethane atmosphere (40% nitrogen) to
ensure peak signal strength. In the work of Bonilla et al.,*¢ the surface
permeability of ethane on SAPO-34 is measured as 5.67 x 107" m?/s,
which is of the same order of magnitude as our results. Due to the
diversity of surface barriers between crystals,>”*’ the surface perme-
ability obtained by the macroscopic technology is the result of statisti-
cal average of multiple grains, which is speculated to be the reason for
the difference in surface permeability measured by macroscopic and
microscopic technique. Since the macroscopic method is still a better
choice for measuring small-sized crystals with the industry interests
(the requirements of optical testing methods for size of crystals are
usually within ~50 um?®). The reasons for the gap between the mea-
surement techniques obtained by the microscopic and the macro-
scopic need to be further discussed. One possible reason is that
different methods might only be suitable for diffusion with certain
characteristic time.*®*° For example, there are extensive studies on
the differences of diffusivities between PFG-NMR and molecular
dynamics results. The diffusion processes that can be measured by
PFG NMR normally have observation time of the order of ms. Thus
the diffusivity measured by PFG NMR is typically from 1078 to
10~2m?/s. The diffusivity measured by ZLC, however, generally is in
the range of 1070 to 10~ m?/s.%° Still, it can be seen from the
results that the decoupling of surface barriers can greatly reduce the
gap of diffusivity measured by microscopic and macroscopic methods,
indicating that the contribution of the surface barriers to the overall

diffusion cannot be ignored.

4.3 | Diffusion of propane in SAPO-34 of
adsorption and desorption

Although molecular simulation results have shown the effect of sur-
face barriers of adsorption and desorption is symmetry,'? the issue is
controversial due to insufficient understanding of the origins of sur-

face barriers and the lack of intuitive and systematic experimental
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results by Equation (17) (A) and Equation (6) (B-D). R2 represents the coefficient of determination.
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FIGURE 3 (A,B) Initial normalized outflow of mass (A) and overall ZLC desorption curves (B) of ethane in For peer review only SAPO-34

(7 um). (C) Diffusivities of ethane in SAPO-34 zeolites measured by ZLC and PFG NMR techniques. The effective diffusivity and self-diffusivity
are obtained by long-time method of ZLC (ZLC-LT) and PFG NMR.

evidence. Here, surface barriers of the desorption process of propane
in SAPO-34-2 um zeolites at different temperatures was quantified by
our method measured by ZLC technique and compared with the
results of the adsorption process measured by IGA technique.®®

Figure 4 shows the decoupled intracrystalline diffusivity and surface

permeability obtained by ZLC and IGA techniques at 303, 313, and
333K, respectively. The experimental results demonstrate that the
two measurement techniques obtain basically the same intracrystal-
line diffusivity, and it is consistent with the results of Cai et al.*t

which further confirms accuracy of measurement performed by
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FIGURE 4 Surface permeability and intracrystalline diffusivity of

propane in SAPO-34 (2 um). The diffusion of adsorption and
desorption are measured by IGA (filled symbols) and ZLC (open
symbols) techniques, respectively.
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FIGURE 5 Diffusivity of n-pentane measured by ZLC using our
method. Beta-P, parent sample; Beta-M, SiO,-modified sample.

developed method. For surface permeability, the values obtained by
the two techniques are also basically equal, which indicates that sur-
face barriers of diffusion of propane in SAPO-34 is basically symmetri-
cal. Though, more systematic and detailed experiments are still
required to confirm the symmetry of the surface resistance. From this
matter, the developed method can be used to quantify the surface
barriers of desorption processes, such as product molecules that are

closely related to selectivity.

44 | Diffusion of n-pentane in beta zeolites
quantified by current method

To further expand the generalizability of the method, data already

reported in the article is reprocessed. In a recent work Hu et al.*°

carefully modified the surface properties of beta zeolites and
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expected that the surface modification could increase surface perme-
ability and thus improve the catalytic efficiency of the isomerization
of n-pentane. In this work, ZLC was used to measure the diffusion of
beta zeolites with different surface barriers. In the absence of
methods to decouple surface permeability and intracrystalline diffu-
sivity, they only measured the effective diffusivity using the long-time
method, which cannot clearly distinguish the role of surface barriers
from effective diffusivity. Here, we reprocessed their experimental
data using our proposed method. In Figure 5, the respective changes
of surface permeability and intracrystalline diffusivity can be obtained.
As can be seen, the surface permeability of the sample (red) deposited
by silica has nearly doubled, and the intracrystalline diffusivity keeps
almost unchanged. This provides a direct explanation on how the
modification of mass transfer property of the crystal surface affects

the reaction performance.

5 | CONCLUSIONS

In this paper, we derived a theoretical expression of desorption curve
of guest molecules in nanoporous crystalline materials based on
molecular transport theory. As this expression is dependent only on
the surface permeability, it is thus possible to apply the widely used
ZLC method to decouple the surface barriers and intracrystalline dif-
fusion in mass transport of guest molecules.

We experimentally studied the diffusion of ethane in SAPO-34
zeolites and it is shown that intracrystalline diffusivity measured by
ZLC is consistent with that by PFG NMR techniques. In addition, we
used IGA (the adsorption rate) to study the diffusion of propane in
SAPO-34, which demonstrates that both intracrystalline diffusivity
and surface permeability measured by IGA agree well with those mea-
sured by ZLC, respectively, for the temperature ranging from 303 to
333 K. Apparently, the ZLC method can be used as an effective mea-
surement technique to quantify the surface barriers and intracrystal-
line diffusion in nanoporous materials.

Note that surface barriers and intracrystalline diffusion repre-
sent two most important mass transfer mechanisms of guest mole-
cules in nanoporous crystalline materials with quite different
originalities, directly quantifying these two mechanisms using ZLC
opens a potential approach for either fundamental understanding of
the mass transport in nanoporous materials or practical improve-
ment of heterogeneous catalysis and gas separation of industrial
interests.
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