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Abstract
Understanding the dynamics of mixed-gas adsorption is essential for industrial-scale adsorptive separations. Also, obtaining 
binary adsorption isotherms is essential to gain a better understanding of adsorbate-adsorbent interactions in multicomponent 
gas mixtures. Porous organic cages (POCs) are highly porous, crystalline materials, with a small average pore window that 
make them promising candidates for separation applications. In this work, we utilized zero-length column (ZLC) technique 
to not only determine the kinetics of CO2/H2 separation over CC3 but also obtain the binary adsorption isotherms. The 
ultracrystalline diffusivities of 1.49 × 10–4 and 8.31 × 10–5 cm2.s-1 were estimated from the ZLC desorption profiles for unary 
CO2 and H2 gases at 293 K, respectively, whereas in binary CO2/H2 mixture, these diffusion values were reduced by 18 and 
19 times, respectively. Moreover, our results indicated that the adsorption capacities estimated from binary runs diminished 
by approximately 36.0% and 33.6% for CO2 and H2, respectively, relative to the unary runs. The findings of this investiga-
tion highlight the importance of the ZLC technique in providing valuable insights on mixture adsorption equilibrium and 
dynamics without the need for tedious and complex experiments.

Keywords  ZLC · POC · Diffusion · Binary adsorption isotherms · Kinetics

1  Introduction

Understanding multicomponent adsorption equilibria 
and dynamics is critical in developing highly efficient 
adsorptive separation systems [19, 21]. The insight into 
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multicomponent separation also allows for selecting an 
appropriate adsorbent for a particular process. It is a com-
mon practice to extract mixture equilibrium data from 
unary adsorption isotherms using the ideal adsorption 
solution theory (IAST), however, unary gas adsorption 
models cannot accurately predict binary adsorption due 
to non-ideal gasses, adsorbate–adsorbate interactions, 
and competitive/cooperative adsorption on the adsorbent 
surface [24]. For example, while CO2/H2 mixture is not 
difficult to separate, the presence of each gas alters the 
kinetic properties of another due to significant gas–gas 
interactions in the bulk phase, with smaller gas H2, limit-
ing the diffusivity of larger gas CO2 [1, 20].

Producing binary adsorption isotherms is a time-con-
suming and tedious process. Various methods, such as 
breakthrough, volumetric, gravimetric, desorption, and 
specialty methods have been reported for this purpose 
[24]. Most of these techniques require large amounts of 
adsorbent, which results in large temperature fluctua-
tions, thereby compromising the accuracy of generated 
data. Zero-length column (ZLC), as one of the desorption 
methods, is a straightforward and versatile technique for 
measuring not only intraparticle and/or intracrystalline dif-
fusivities in microporous adsorbents, but also for obtaining 
equilibrium data and adsorption capacities [4, 11]. This 
method relies on exposing a small amount of adsorbent to 
a diluted feed at low flow rates. Due to the significantly 
short column length and small adsorbent mass, the heat 
effects and pressure drop are usually neglected, and thus 
the reliability of the ZLC data in determining adsorption 
equilibria and dynamics is usually high [12, 13, 17].

Among various adsorbent materials investigated 
for gas separation, porous organic cages (POCs) have 
recently emerged as popular candidates on the basis of 
their intrinsic guest-accessible cavities. Despite this, there 
exists limited understanding of their adsorption potential 
for energy-intensive separation processes. In particular, 
the POC CC3-R possesses intrinsic cavities that have four 
windows towards adjacent cages with a faceted octahedral 
crystalline structure, providing a large uniform pore struc-
ture, which makes it an ideal candidate for gas separation 
[8, 20].

In this study, we investigated CO2/H2 separation behavior 
of CC3-R using the ZLC technique. Specifically, we aimed 
at determining kinetic behavior and obtaining binary adsorp-
tion isotherms via ZLC experiments. Although most materi-
als do not exhibit high affinity towards H2, it is important to 
note the changes in kinetics behavior of H2 in the presence 
of larger gases with high affinity toward adsorbent surface, 
such as CO2. We systematically performed ZLC experiments 
with pure and binary mixtures of various compositions and 
flow rates along with blank runs to determine unary and 
binary diffusivities, Henry’s constants, and ZLC parameters 

for CO2, H2 and their binary mixtures from the ZLC desorp-
tion profiles at 90 °C.

2 � Experimental section

2.1 � CC3‑R synthesis and characterization

The CC3-R POC was synthesized using a batch synthe-
sis method, as reported by Briggs et al. [8]. Briefly, a 
solution of homochiral trans-CHDA (1R,2R-1,2-diami-
nocyclohexane) in dichloromethane (DCM) was gently 
layered onto a suspension of 1,3,5-triformylbenzene 
(TFB) in DCM, containing  trifluoroacetic acid (TFA) 
over 5 days. The mixture was then dried at 80 °C in a 
vacuum oven and the resultant POC was collected after 
6 h. All the chemicals used in the synthesis of CC3-R 
including TFB, DCM, TFA, and homochiral trans-CHDA 
were purchased from Sigma Aldrich, whereas CO2, H2, 
and 40%CO2/H2 gases with ultra-high purity were all 
obtained from Airgas.

The textural properties of the synthesized CC3-R powder 
were analyzed by N2 physisorption at 77 K on a Micromerit-
ics 3Flex gas analyzer. The sample was first degassed at 90 °C 
for 6 h at a ramp rate of 10 °C.min−1. From the isotherms, the 
surface area and pore size distribution (PSD) were calculated 
using the Brunauer-Emmet-Teller (BET) and non-local density 
functional theory (NLDFT) methods, respectively [10].

2.2 � Volumetric adsorption isotherms 
measurements

The volumetric CO2 and H2 adsorption isotherms were col-
lected on a Micromeritics 3Flex from 0–1 bar, at 25, 35, and 
55 °C to estimate the heats of adsorption using the Clausius 
Clapeyron method [15]. The sample in the powder form was 
degassed at 90 °C for 6 h prior to the adsorption isotherms 
measurements. Additionally, the CO2/H2 selectivity values 
were calculated from the unary adsorption isotherms using 
the IAST method [10].

2.3 � ZLC experiments

In essence, the core of ZLC experimental procedure involved 
exposing the sample to a known mixture of gases, including the 
adsorbate(s) and an inert carrier gas (He), followed by switch-
ing the feed flow to the purge gas once equilibrium is attained, 
while recording the column outlet via a BelMass mass spec-
trometer. For a typical run, approximately 4.0 mg of agglom-
erated (shaped beads) POC was placed between two sintered 
discs in a 1/8-inch Swagelok union to ensure proper confine-
ment within the ZLC column. The schematic of the ZLC setup 
is provided in our previous paper [14]. Degassing of the POC 
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was performed inside the ZLC column for 6 h at 90 °C under 
a He flow of 2 mL.min−1. After which, the adsorbent was 
exposed to 2 mL.min−1 of either CO2 and H2, or CO2/H2 for 
1–2 h at 25 °C until equilibrium was achieved. Subsequently, 
desorption step was started under varying He purge flow. The 
experiments were carried out using four feed compositions 
either diluted or undiluted in He (pure gas, A% of CO2 or H2 in 
He, where A is 10, 25 and 50 vol%) and three feed flow rates 
(10, 15, 30 mL.min−1). The gas dilution was achieved using a 
mixing coil, which was placed approximately 90 cm prior to 
the inlet, providing sufficient time for the gases to mix before 
entering the column. The same experimental conditions were 
used for both unary and binary gas feed runs. The initial con-
centration of the binary mixture was 40% CO2/H2, resulting in 
the following CO2/H2 feed compositions (vol%) after dilution 
in He: 30/20, 15/10, and 6/4. Furthermore, blank runs (without 
adsorbent material inside the ZLC column), were conducted 
under the same configurations to obtain the natural response of 
each species in the column and to calculate the dead volume, 
Vg , an important parameter for the models.

2.4 � Modeling section

2.4.1 � Traditional analysis of diffusion model

Due to the short length of the ZLC column (approximately 
9 mm) and the small inner diameter, the relative axial disper-
sion can be considered significant, implying that the system 
might effectively be treated as fully mixed. Thus, the mass 
balance can be described as follows:

Here, C and q represent the average concentration of the 
adsorbate in the fluid and adsorbed phases, respectively, Vs and 
Vf are the volume of the column occupied by the solid and fluid 
phases, respectively, and F is the volumetric flow rate.

For a diffusion model in micropores, the desorption pro-
files can be derived from Fick's Law of diffusion, assuming 
that the adsorbent particles are spherical with a radius of 
rc , the intracrystalline diffusion of Dc – as the rate-limiting 
mass transfer step – and the dimensionless Henry's Law 
constant of H , related to linear equilibrium isotherms. An 
analytical solution for this system is given by [7]:

where C0 is inlet concentration and �n is obtained as the 
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The non-dimensional parameter L is defined as the ratio 
between the diffusion time constant Dc∕r
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 and the convec-

tive desorption time constant F∕HVs , while � is a ratio that 
relates the fluid phase to the solid phase accumulation. It 
indicates the extent to which the system deviates from equi-
librium-controlled dominance, [22] as there are cases where 
desorption can be controlled by a combination of internal 
diffusion effects and surface resistance [23]. In cases where 
significant surface resistance to mass transfer exists, the pre-
vious equations remain unchanged except for Eq. (4), where 
L becomes L′ , an apparent ratio between the time constants, 
given by the following equation:

From Eq. (6), a plot of 1/L
′

 vs. 1/F can be made, yield-
ing a straight line with a slope of F/L and a y-intercept of 
Dc/krc , where k is the surface mass transfer coefficient. If 
it is permissible to neglect surface resistance, the line will 
pass through the Cartesian origin (or very close to it with 
an insignificant error).

2.4.2 � Linear equilibrium model

When considering linear equilibrium, constant flow rate, and 
initial conditions 

(

t = 0, q = q0 = HC0

)

 , integrating Eq. (1) 
yields the following solution:

For weakly-adsorbed species, the value of HVs is of the 
same order of magnitude as the dead volume, Vg . How-
ever, for strongly-adsorbed species, the dimensionless 
Henry constant may be larger, and the dead volume can be 
neglected ( HVs ≫ Vg) . Thus, H can be directly obtained 
from the slope, −F∕

(

HVs + Vg

)

 , as a resulting line when 
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2.4.3 � Nonlinear equilibrium model for single and binary 
isotherms

When moving away from the Henry's Law region, the 
equilibrium isotherm can be approximated by the Lang-
muir isotherm model. Again, considering equilibrium 
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conditions and integrating Eq. (1) with initial conditions 
(

t = 0,C = C0

)

 , the solution is as the following:

At sufficiently long times (C → 0) , the graph of 
ln(C∕C0) vs. Ft , obtained from the collected desorption 
curves, approaches a linear asymptote as the response. 
The linearity of desorption results in diluted concentra-
tion regions is independent of the adopted equilibrium 
isotherm model, whether linear or nonlinear since the 
slope remains as −F∕

(

HVs + Vg

)

 . Therefore, the Henry's 
constant can be obtained from the slope of the asymptote 
at long times and continues to be used for estimating the 
diffusivity values and the correction factors.

After obtaining the desorption profiles and making the 
necessary corrections at long times, the adsorbed phase 
concentration can be determined from the experimental 
data. This is accomplished by integrating Eq. (1), from 
t = 0 , when high adsorbate concentrations are present, to 
long-time ( t → ∞ ), where concentrations become very 
low. Thus, the equilibrium concentrations obtained from 
the ZLC desorption profiles for individually saturated spe-
cies and binary mixtures are given by Eqs. (9) and (10), 
respectively, where q∗ is the equilibrium concentration of 
the adsorbed phase, and subscripts A and B refer to spe-
cific chemical species in the mixture [2, 3]:

With the concentrations q∗
A
(t) and q∗B(t) as functions of 

the partial pressures pA(t) and pB(t) , it is possible to obtain 
the separation factor, � , as a function of time [2]:

The chosen model for fitting the experimental equilib-
rium data was the Dual-Site Langmuir (DSL) model since, 
when the adsorptive affinities of two adsorbates are sig-
nificantly different, desorption typically occurs in two dis-
tinct steps. The "weaker" component is initially removed 
with each small change in the fluid phase concentration, 
and then the "stronger" component desorbs, similar to the 
single-component system [2]. The respective equations for 
the model are as follows:
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where b1 , qs1 , and b2 , qs2 are representative parameters 
of active sites 1 and 2, respectively. Thus, the first terms 
in Eqs. (12) and (13) supposedly represent adsorption on 
"strong" sites within the super cages, whereas the second 
terms represent adsorption on "weak" sites.

3 � Results and discussion

3.1 � Analysis of blank tests and ZLC profiles

Figure 1 displays the blank desorption profiles for CO2 and 
H2 at different flow rates (10, 15, 30 mL.min−1) and concen-
trations (100 and 10 vol% in He). Firstly, it is important to 
highlight that, in both initial concentration regions, the three 
desorption curves intercept at approximately the same com-
mon point, although it is more common to observe a shared 
region rather than a specific node [5]. These are fundamental 
benchmarks which indicate that the experimental conditions 
of the apparatus result in accurate data that corroborate well 
with the theoretical models. The formation of nodes stems 
from the variation in the ZLC parameter, L, derived from 
different desorption curves, which can be adjusted by chang-
ing the volumetric flow rate, F, or the equilibrium constant, 
H, in the model.

Moreover, it is clear from Fig. 1a that the profiles of pure 
CO2 desorption exhibit greater curvature, almost linear as 
expected, in the region of diluted concentration, which can 
be defined at below 12% of relative concentration ( C∕C0

 ). 
Regarding the H2 profiles in Fig. 1c, the interception point 
occurs faster than that for CO2 with smaller slopes at the same 
relative concentration. The interception point of the pure CO2 
desorption curves occurs earlier and at a higher relative con-
centration compared to the curves at lower initial concentra-
tions. The interception point indicates that the behavior of 
the ZLC system is consistent with expectations when varying 
the initial concentration. Furthermore, regarding the analysis 
of different initial concentrations, it is noteworthy that the 
curve at 15 mL.min−1 approaches the curve at 30 mL.min−1 
for pure CO2 (Fig. 1a), while the opposite occurs for diluted 
concentrations in Fig. 1b, where the profile at 15 mL.min−1 
approaches the curve at 10 mL.min−1. Based on these obser-
vations, it can be stated that, in these configurations, the ZLC 
system is well-adjusted, and the mass spectrometer is properly 
calibrated, and its signals are accurately measured according 
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to the hypotheses described and discussed previously (see 
Section 2.4).

Proper analysis of the ZLC profiles requires a careful 
assessment of the dead volume from blank runs. As can be 
observed from Fig. 2, the region with relative concentra-
tions from 0.5 to 1 exhibited linearity for both CO2 and 
H2, however, there was a dependence of the response on 
the feed flow rate. Nevertheless, across all runs, the slopes 
of the profiles converged to -0.023. This convergence was 
determined by considering the deviation values based on 
the steeper slope, obtained from the H2 desorption at a 
10 mL.min−1 flow rate with a 10% initial concentration 
[1, 2]. From these, the dead volume Vg was estimated to 
be 0.19 mL.

Figure 3a shows selected CO2 desorption profiles at dif-
ferent flow rates and with 50% initial concentration in He. 
Unlike what was observed in the blank runs (Fig. 1), the 
three curves did not overlap at the same node or even in 
the same desorption region. Before arguing properly about 
which of the profiles was incorrectly measured by the mass 
spectrometer considering the fine tuning of the ZLC system, 
the curvature of the desorption profiles provides a hint. By 
carefully observing the region of low relative concentrations, 
such as below 4% for example, it is easier to notice that 
the 15 mL.min−1 profile exhibits greater curvature than the 
other two flow rates, even after applying the correction fac-
tor. This becomes more noticeable from point A onwards, 
comparing the 15 and 30 mL.min−1 profiles, and from point 
B backwards, comparing the 15 and 10 mL.min−1 profiles.

Fig. 1   Blank ZLC profiles of 
CO2 at 90 °C with (a) pure 
concentration ( C

0
 = 100%) and 

(b) 10% of initial concentration 
diluted in He, and (c) blank 
desorption profiles of pure H2 at 
the same temperature

0 250 500 750 1000

0.0

0.1

1.0
10 mL.min-1; Co = 100%

 15 mL.min-1; Co = 100%

 30 mL.min-1; Co = 100%

C
/C

o
Ft (mL)

(a)

0 250 500 750 1000

0.0

0.1

1.0
 10 mL.min-1; Co = 10%

 15 mL.min-1; Co = 10%

 30 mL.min-1; Co = 10%

C
/C

o

Ft (mL)

(b)

0 250 500 750 1000

0.0

0.1

1.0
10 mL.min-1; Co = 100%

 15 mL.min-1; Co = 100%

 30 mL.min-1; Co = 100%

C
/C

o

Ft (mL)

(c)

Fig. 2   Dead volume calcula-
tions from the ZLC blank runs 
for (a) CO2 in two different 
initial concentrations (pure 
and 10% diluted in He) and (b) 
pure H2
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In many systems with highly diluted conditions (< 1%), 
diffusivity tends toward the limit of "zero adsorbed phase 
loading". In other words, in the final region of desorption 
curves obtained by the ZLC system (extremely diluted 
zones), the rate of diffusion should be equivalent to the 
coefficient of self-diffusion and to that of a single adsorbent 
particle, the Maxwell–Stefan diffusivity [18]. In this con-
figuration, mathematical models for mass transport combine 
the rate of diffusion with correction factors [6]. These cor-
rections can be calculated from the slope of the isotherm and 
the secant of the isotherm from the Cartesian origin. This 
secant is also a linear relationship between the concentra-
tions of the adsorbed phase ( q ) and the adsorbate in the fluid 
phase ( C ). Nonetheless, considering that the determination 
of correction factors relies on obtaining the asymptotes at 
long times of desorption and that it depends on acquiring 
accurate data and their correct manipulation, the mathemati-
cally most appropriate way to determine which flow rate 
provided the least suitable data is by observing the slope 
coefficients of the asymptotes themselves. Regardless of 
whether the obtained correction factors are the best, the 
most reliable data generate asymptote slopes that tend to 
converge, provided that these factors have been calculated 
using the same methodology [6].

Figure 3b-c presents the asymptotes for the three flow 
rates after applying the correction. The fitting performed as 
a correction for the desorption curves of pure CO2 (Fig. 3b) 
and 50% dilution curves (Fig. 3c) are assumed to be good 

enough. The slope values were -0.019 and -0.020 for 10 and 
30 mL.min−1 at C0 = 100%, respectively, whereas at C0 = 
50% they were estimated to be -0.026 and -0.025. There-
fore, the verification of the interception points of desorption 
curves from two flow rates and at the same concentration 
is conventionally performed only after applying data cor-
rection and after observing the slope of the asymptotes at 
diluted concentrations. In this case, the slopes for 15 mL.
min−1 in both initial concentrations were -0.021 and -0.026 
for Fig. 3b-c, respectively.

This procedure serves as a form of validation for estab-
lishing the credibility of the raw data. Without it, the like-
lihood of these points coinciding within the same region 
of intersection is minimal, regardless of the data's quality 
assessment. Otherwise, it is very probable that the used tech-
nique needs more adjustments. While not a critical issue, it 
is important to note there are two main aspects regarding the 
use of ZLC systems that lead to nonlinear isotherms: the first 
is when dealing with strongly adsorbed components, and the 
second is when there are weak detection signals. The second 
aspect must be solved by increasing the concentration of 
the fluid phase in an attempt to obtain more and better equi-
librium isotherm data [6, 11]. These issues are particularly 
prominent in Type I isotherms due to the exponential decay 
in desorption step at long times, if the detector is sensitive 
enough, resulting in an infinite shift down of the asymptote 
and a higher curvature in the initial region (which hinders 
the determination of kinetic parameters due to the lack of 

Fig. 3   Experimental ZLC 
desorption profiles for runs with 
initial concentrations of (a) 10% 
CO2/H2, (b) 100% CO2, and (c) 
50% CO2/H2, all at 90 °C
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required linearity for model application). Therefore, it is cru-
cial to perform ZLC experiments with at least two feed flow 
rates at the same concentration to verify the linearity condi-
tions of the proposed models. This avoids the introduction of 
significant uncertainties in diffusivity estimation, especially 
when the parameter L is small [6].

Hence, the nodes obtained from only two different 
flow rates can be considered reliable, as corroborated by 
the literature [4, 11], and as shown in Figs. 3b-c and 4a-c. 
Besides that, in this study all 15 mL.min−1 flow rate runs 
were performed consecutively on the same day. It is likely 
that the mass spectrometer was affected by a variation in 
electrical current due to preventive maintenance carried out 
in the facility building on that specific day. Another factor 
that can influence the reading of the mass spectrometer is 
a sudden change in ambient temperature at any point dur-
ing the experiment. All experiments at 15 mL/min−1 were 
satisfactorily repeated, as seen in Fig. 4b and d, to estimate 
the kinetic parameters with greater precision, which is the 
main reason for choosing three different flow rates instead 
of just two.

In Fig. 4a-b, the interception points of the desorption 
curves at C0 = 10% occur later and at a higher relative con-
centration than the curves at C0 = 100%. This is because 
the lower the concentration of the adsorbate during the col-
umn saturation step and the lower the feed flow rate, the 
greater the amount adsorbed by the adsorbent. This can be 
inferred based only on the curves from the blank runs under 

the same conditions, where the relative positioning of the 
nodes logically follows an inverse trend (see Fig. 1). Another 
relevant cause is the verification of the same curvature trend 
observed and discussed with the blank experiments when 
modifying the initial concentration. This observation is also 
evident in the H2 desorption profiles (Fig. 4c-d), supporting 
the hypothesis of a reliable experimental setup, at least for 
individual experimental runs. Therefore, the ZLC system in 
this study was confirmed to be well configured to operate 
both with and without loaded POC in the column.

Figure 5 shows desorption profiles of unary CO2 and 
binary CO2/H2 systems. Evaluation of unary/binary desorp-
tion profiles provides another valuable means to check the 
response of the ZLC system. As expected, the binary pro-
files of each adsorbate molecule are above of unary curves 
[2]. In these cases, it is essential to consider the purport 
of relative concentrations denomination for each adsorbate. 
While Fig. 5 could suggest that the POC adsorbs more CO2 
in the single-component system than in the binary system, 
or even that it adsorbs more H2 than CO2 in each system, 
such conclusions can only be drawn by examining the inte-
gral area between the desorption profiles of each system and 
their respective blank run profiles. Both validation forms of 
ZLC operation should match, for each adsorbate the slope 
analyses of single desorption profile and the unary/binary 
comparison of desorption profiles. Otherwise, it is a great 
indicative that the operation of the system is not reaching the 
minimum requirements to provide a desirable result.

Fig. 4   Experimental ZLC 
profiles for runs with initial 
concentrations of (a) 100% 
CO2, (b) 10% CO2/H2, (c) 100% 
H2 with two flow rates, and (d) 
100% H2 with three flow rates, 
all at 90 °C
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3.2 � Estimation of kinetic parameters

After checking the validity of the experimental methodol-
ogy and the reliability of the listed operational conditions, 
we determined the parameters of the ZLC technique and 
the diffusion characteristics of each adsorbate. However, 
it is essential to assess if the system is equilibrium- or 
diffusion-controlled before proceeding. In scenarios char-
acterized by strong adsorption of species and consider-
ing the assumption that the ZLC column is not compactly 
packed – the dead volume is as large as the fluid volume 
(

Vg ≅ Vf

)

 – the value of the parameter γ is very low, and 
the solution for � = 0 can be applied, making the param-
eter L the maximum non-dimensional concentration gradi-
ent within the particle. Furthermore, when the value of L 
is small ( L < 1 ), the adsorbed phase is entirely controlled 
by equilibrium, as convection is the dominant process in 
the desorption step. Therefore, a ZLC system targeting this 
level of L should have flow controllers that allow for low 
flow rates while maintaining steady-state behavior, even 

when larger amounts of adsorbent than usual are applied  
[6, 12]. On the other hand, when the value of L is large 
(L ≫ 1) , the process is controlled by the kinetics; hence, it 
is necessary to conduct experiments at different flow rates 
to demonstrate which type of regime controls the ZLC sys-
tem [2, 3]. In circumstances that yield L > 10 , desorption 
does not occur under an equilibrium-controlled regime is 
reached but rather causes the solution value of Eq. (3) to 
approach the value of � (��

→ �) [11]. Consequently, a 
plot of ln(C∕C0) versus time generates a long-time asymp-
totic straight line with an angular coefficient of �2Dc∕r

2
c
.

The data presented in Table 1 convey trends that were 
already anticipated regarding the theoretical fundamen-
tals in that diffusivity in the single-component system 
decreases as the initial concentration of adsorbed gases 
gets lower and that the diffusivity is higher in single-
component systems than in binary-component systems 
due to the competition of the other species (i.e., com-
petitive desorption). The diffusivity of H2 dropped by 
approximately 93% between the single-component sys-
tem of H2 ( C0

 = 50%) and the 40/60% binary-component 
system of CO2/H2. The diffusivity of CO2 was reduced by 
nearly 99% under the same conditions. However, while 
this signifies a considerable reduction in mass transfer 
rate, it is not unexpected when considering the spe-
cific type of adsorbent and its affinity for CO2 and H2. 
This observation further reveals the behavioral dispari-
ties among distinct components of the systems and the 
influence of the presence of other molecules. It is also 
important to highlight that the diffusivities obtained in 
this study (6.36 × 10–5 and 10.64 × 10–5 for unary CO2 
and H2 gases, respectively, at 293 K) are relatively close 
to those theoretical values reported by Holden et al. [16] 
and Camp et al. [9].

The kinetic control over the process was confirmed 
and defined by the high values of L , which represented 
the ratio between the diffusion and convective time con-
stants. For instance, the lower threshold range of the L 
parameter for H2 in the binary-component system 4/6% of 
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Fig. 5   Binary ZLC profiles of 10% of H2/He and 100% CO2 at 90 °C

Table 1   Average values of 
diffusivity, Henry’s constant, 
and ZLC parameter for CO2, H2 
and their binary mixtures from 
the ZLC desorption profiles at 
90 °C

Gas/Mixture D
c
∕r2

c
×10–2

(s−1)
D

c

(cm2.s−1)
H(dimensionless) L(dimensionless)

CO2 unary—100% 23.79 1.49 × 10–4 1.98 25–70
CO2 unary—50% 16.96 1.06 × 10–4 1.99 33–101
H2 unary—100% 39.79 2.94 × 10–4 1.30 24–82
H2 unary—50% 31.01 2.33 × 10–4 1.31 31–93
CO2 binary—40/60% CO2/H2 1.33 8.31 × 10–6 19.21 44–110
CO2 binary—4/6% CO2/H2 2.02 1.26 × 10–5 31.67 18–52
H2 binary—40/60% CO2/H2 2.47 1.54 × 10–5 44.34 18–27
H2 binary—4/6% CO2/H2 3.05 1.91 × 10–5 51.60 13–17
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CO2/H2 closely approached the range where equilibrium 
and kinetic properties (1 < L  < 10) held equal signifi-
cance in adsorption–desorption processes. This decrease 
in L as a consequence of Dc increasing was not antici-
pated when the initial species concentrations of gases 
are low, especially considering the well-established theo-
retical principles in such unary-component systems. It is 
important to note that these ZLC parameters clearly high-
light the equilibrium-controlled regime, which would be 
risky to infer solely from diffusivity values. In other 
words, even though there was an increase in the diffusion 
rate of CO2 and H2 as their concentrations decreased, 
this increase was not as significant as the influence of 
thermodynamic equilibrium in binary systems. Possibly, 
this rise of diffusivity under these conditions might be 
caused by the elevated concentration of He gas, which 
could carry away the recently desorbed molecules.

The binary-component systems studied by the ZLC 
technique still lack a substantial amount of information to 
elucidate the trends across various compositions. Another 
indicative factor pointing towards the necessity of a more 
profound understanding of binary-component systems 
is the significant variation in the dimensionless Henry’s 
constant. Table 1 demonstrates that this constant hardly 
varies in unary-component systems with decreasing initial 
concentrations of adsorbates, which is in complete accord-
ance with theory.

3.3 � Applying kinetic parameters to assess 
the reliability of the ZLC technique

In recent years, a few studies [6] have presented an illus-
trative and innovative approach to assess the experimental 
response of the ZLC technique in comparison with the more 
traditional method [7] as a consequence of diffusivity and 
ZLC model parameters valuation.

Figure 6 illustratively depicts the qualitative behavior of 
unary and binary systems based on the L values observed 
through the ZLC system. This method of assessment remains 
independent of concentration and any fine-tuning adjust-
ments made on experimental parameters or by application 
of correction factors to desorption profiles. The dimension-
less time parameter, denoted as � , represents the ratio of the 
experimental time to the estimated diffusion rate determined 
by the particle size squared. The values of the integrals 
obtained from Eqs. (9) and (10), which are used to calculate 
the equilibrium phase adsorbed concentration, are inherently 
linked to the flow rate and consequently the L parameter. 
An increase in the flow rate corresponds to a decrease in the 
concentration of the fluid phase, leading to the formation 
of long-time asymptotes that intersect the profiles obtained 
from lower flow rates. Therefore, the X-axis of the graphs 
in Fig. 6 better represents the qualitative assessment of the 
ZLC system responses, where each pair of curves should 
always intersect at two distinct points. These points do 
not necessarily need to coincide with the other profiles, as 

Fig. 6   (a) The novel plot for 
a desorption system of CO2 
carried by He. The L values 
increase in the direction indi-
cated by the arrows. Figure (c) 
is X-axis zoom of figure (b), as 
well as (b) is for (a), to show a 
little bit clearly the L parameter 
increasing in higher relative 
concentration zone. Different 
L values indicate different flow 
rates 0 5 10 15 20 25 30 35
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mentioned in the previous section 3.3, and now they form 
two regions of increasing L values on the graphs.

To ascertain the extent to which the model of equations 
proposed in this article aligns with the experimental results, 
an analysis between the L parameter and its corresponding 
flow rate F can be conducted. For the binary-component sys-
tem, Table 2 presents the ratio of these two variables, which 
are closely interconnected, with the value of the lower flow 
rate serving as the reference. It is evident that these ratios 
became quite similar in systems with low initial concentra-
tions of CO2. In the case of H2, the lack of any significant 
trend was notable, which can be deemed natural owing to 
its low adsorption capacity by the POC. This signifies the 
influence of CO2 on the diffusion of H2, as evidenced by the 
L ratio of 3.29 (F = 30 mL.min-1) for a 100% initial concen-
tration in the unary-component system.

3.4 � Unary and binary adsorption isotherms

Figure 7 displays equilibrium adsorption isotherms for CO2 
and H2 single-component systems, obtained from the inte-
grals of ZLC desorption profiles and calculated through 
Eq. (9). The isotherm data obtained from the volumetric 
method are also shown, as previously presented in Figure S3. 
In both cases, the single-component isotherms from the ZLC 
experiment thoroughly approximate the volumetric data. 
Hence, the DSL model was fitted to the experimental data 
obtained from the ZLC method using Eq. (12). In the case 
of significant differences between the two active adsorption 
sites; it could be anticipated that those with higher affinity 
towards the strong species will be predominantly occupied at 
low-pressure regions, whereas a substantial occupancy of the 
less favorable active sites will occur only at high pressures.

From the isotherms fitting, the equilibrium constant of 
Langmuir b

��2;1 , which describes the adsorbate-adsorbent 
relationship, and the maximum adsorption capacity q��2;s1 

of ‘strong’ adsorption sites for CO2 (Fig. 7a) were esti-
mated to be 1.227 bar−1 and 2.594 mmol.g−1, respectively, 
whereas the parameters for the ‘weak’ sites were b

��2;2 
= 50.244  bar−1 and q

��2;s2 = 0.0008 mmol.g−1. For H2 
(Fig. 7b), the equilibrium isotherm parameters were: b

�2;1 
= 0.003 bar−1 and q

�2;s1 = 0.627 mmol.g−1, and b�2;2 = 
3.141 × 10–13 bar−1 and q�2;s2 = 2.594 × 10–6 mmol.g−1. As 
explained earlier in the methodology section, the parameters 
of the Langmuir single-component isotherms were used to 
build binary-component isotherms through Eq. (13). Nev-
ertheless, in practice, only the ‘strong’ active sites’ param-
eters can be estimated from the single-component isotherms 
with some degree of confidence, as the experimental data 
do not reach the high-pressure region that would provide 
reliable parameters for ‘weak’ active sites. Figure  7c-d 
depicts the binary-component system isotherms based on 
the partial pressure of each component. The trend revealed 
by the experimental data is qualitatively consistent with that 
obtained from the theoretical model, thus confirming the 
alignment between theory and experiment.

Figure 8 illustrates that the amount of adsorbate adsorbed 
increased upon increasing the pressure. One way to interpret 
this graph, perhaps the most didactic, is to understand that if 
there was 0.015 mmol.g−1 of adsorbed CO2 at the beginning 
of the desorption process, there was also 0.00002 mmol.g−1 
of H2 ready to be desorbed, implying that there were about a 
thousand more molecules of CO2 ‘desorbing’, thus creating 
a false impression that CO2 desorbs faster even though it is 
more strongly adsorbed. Such an interpretation can only be 
made appropriately by considering the separation factor in 
Fig. 9. The weakly-adsorbed component desorbs early in the 
process, leaving the strongly-adsorbed component to desorb 
only in the long-time regions. Since the adsorptive affini-
ties of these two components differ significantly, it can be 
expected that desorption occurs in two distinct stages, with 
the weak component being removed rapidly with minimal 

Table 2   The values of L parameter for binary-component systems

Flow rate, F 
(mL.min−1)

F ratio L ratio L

CO2 -
4/6% CO2/
H2

CO2 -
10/15% CO2/
H2

CO2 -
20/30% CO2/
H2

CO2—
40/60% CO2/
H2

CO2 -
4/6% CO2/
H2

CO2 -
10/15% 
CO2/H2

CO2 -
20/30% 
CO2/H2

CO2—40/60% 
CO2/H2

10 1.00 1.00 1.00 1.00 1.00 17.51 21.85 27.57 48.07
15 1.50 1.48 1.54 1.38 1.51 25.91 33.67 37.91 72.07
30 3.00 2.99 2.96 2.75 2.30 52.40 64.60 75.78 110.36
Flow rate, F 

(mL.min−1)
F ratio H2 -

4/6% CO2/
H2

H2 -
10/15% 

CO2/H2

H2 -
20/30% 

CO2/H2

H2—40/60% 
CO2/H2

H2 -
4/6% CO2/

H2

H2 -
10/15% 

CO2/H2

H2 -
20/30% 

CO2/H2

H2—40/60% 
CO2/H2

10 1.00 1.00 1.00 1.00 1.00 13.49 16.16 16.89 18.48
15 1.50 1.05 1.21 1.19 1.21 14.11 19.54 20.10 22.35
30 3.00 1.23 1.39 1.46 1.48 16.55 22.48 24.62 27.42
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variation in the loading of the strong component. Once there 
is no longer any weak component to be desorbed, the strong 
component desorbs in a similar fashion as in a single-com-
ponent system.

In the low-pressure loading limit zone, the separation fac-
tor should approach the ratio of  Henry's constants for the 
two components in the binary system. Table 1 presents these 
constants under two concentration conditions. Dividing HH2 

by HCO2
 gives rise to a ratio of 1.63 for the 4/6% CO2/H2 

system and 2.21 for the 40/60% CO2/H2 system. Once again, 
the diluted concentration system demonstrated a ratio closer 
to the values estimated in Fig. 9 by the DSL model. The 
binary-component isotherms can be analyzed as adsorptive 
surfaces showing the variation of � as a function of the par-
tial pressure of both studied molecules. In a way, the ZLC 

Fig. 7   Single-component 
isotherms from ZLC desorption 
profiles at 90 °C for (a) CO2 
and (b) H2. Binary-component 
isotherms from ZLC desorption 
profiles at 90 °C for (c) CO2 and 
(d) H2
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Fig. 8   H2 and CO2 adsorbed path of desorption in binary-component 
system from ZLC desorption profiles at 90 °C
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desorption curves produce an intersection among the two 
surfaces, which is initiated by the equilibrium partial pres-
sure point (at the moment just before desorption starts) and 
ends at the complete unloading point, with a partial pressure 
of zero (when complete desorption occurs). However, the 
path followed in binary-component system is not simply a 
linear section, even at low concentrations [2]. This is evident 
from Fig. 8. Therefore, it is necessary to consider the varia-
tion of the separation factor with both the concentrations of 
the adsorbed phases along with the desorption path and the 
partial loading pressures. In a simplified and approximate 
manner based on Figs. 7c-d, 8, and 9, it can be stated that at 
a CO2 partial pressure of 0.006 bar, there was 0.02 mmol.
g−1 adsorbed and related with about 0.00003 mmol.g−1 of H2 
to be desorbed 1.7 times ‘faster’ than the CO2, for instance.

4 � Conclusions

In this investigation, we utilized the ZLC technique to deter-
mine both the binary adsorption isotherms and kinetic data 
for CO2/H2 systems. The technique was found to be useful in 
obtaining binary equilibrium data, even in an extremely low-
pressure range where numerical values did not precisely match 
the experimental data. The findings of this study enhance the 
understanding of operational adjustments and models, render-
ing the ZLC method readily applicable for binary adsorption 
measurements at equilibrium. Particularly, it offers a simple 
way to not only determine the separation factors as a func-
tion of pressure but also to measure components' partial iso-
therms under pure or dilution in a carrier gas atmosphere. 
Nevertheless, there are clear limitations for the utilization of 
this technique when choosing operational conditions, adsor-
bent materials, and gas mixtures. The method's resolution is 
more satisfactory when the adsorbates' affinities to the adsor-
bent are neither too similar nor too dissimilar. Consequently, 
the ZLC technique proves advantageous for more direct and 
straightforward measurement of separation factors in binary 
mixtures, as well as for rapidly acquiring kinetic data informa-
tion. This increases the technique's potential as a valuable tool 
for a judicious selection of adsorbent materials and process 
conditions for a particular separation system.
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