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Abstract
This paper provides a set of comprehensive guidelines for the use of dynamic column breakthrough experiments to measure 
single and multi-component equilibria and kinetics. Recommendations are made for the design of the experimental rig, 
experimental procedures, and data processing methods to minimize errors and increase data reliability. Designing experiments 
to identify the transport mechanism, and quantitatively interpreting the breakthrough responses via modeling and optimiza-
tion are also enumerated. Results reported in relevant published literature are also used to illustrate the ideas and concepts.
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List of symbols

Roman symbols
A  Cross-sectional area  (m2)
c  Fluid concentration (mol/m3)
Cp  Heat capacity (J/mol/K)
d  Diameter (m)
D  Diffusivity  (m2/s)
E  Error (–)
h  Convective heat transfer coefficient (W/m2/K)
ΔH  Heat of adsorption (J/mol)
k  LDF coefficient  (s−1)
K  Henry’s constant (–) or thermal conductivity 

(W/m/K)
L  Length (m)
M  Molecular mass (g/mol)
n  Number

Nu  Nusselt number (–)
P  Total pressure (Pa)
Pe  Peclet number (–)
q  Solid-phase loading (mol/m3)
q*  Solid-phase equilibrium loading (mol/m3)
Q  Standard flow (SLPM)
r  Radius or micropore position (m)
R  Macropore position (m)
Re  Reynolds number (–)
Rg  Universal gas constant (Pa  m3/mol/K)
Sc  Schmidt number (–)
Sh  Sherwood number (–)
t  Time (s)
t̄  Mean residence time (s)
T  Temperature (K)
v  Interstitial velocity (m/s)
y  Mole fraction (–)
z  Axial position (m)

Greek symbols

�  Velocity distribution or (1−�p)Kc

�p
 in Fig. 11

�  Defined by Eq. 21
�  Void fraction
�  DcL

r2
c
vin

Ω  Collision integral
�  Pore or viscosity
�  Collision diameter
�  Density
�  Tortuosity
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Abbreviations, subscripts, and superscripts
a  Adsorbate
ads  Adsorption
avg  Average
b  Barrier or blank response
c  Column, crystal or micropore
co  Outer column
comp  Components
corr  Corrected response
ci  Inner column
des  Desorption
K + s  Effective parallel Knudsen and surface 

contribution
exp  Experimental
i  Index or component
initial  Initial state of column
in  Inlet or initial
K  Knudsen
L  Axial
m  Molecular
macro  Macropore
∞  Infinity
o  At zero flow
out  Outlet or outer
p  Particle
ref  Reference
s  Surface or solid
sim  Simulation
T  True response
w  Wall
z  Effective value in the axial direction
0  Initial or limiting

Acronyms
BPR  Back-pressure regulator
BTC  Breakthrough curve
CMS  Carbon molecular sieve
CV  Constant volume (volumetry)
DCB  Dynamic column breakthrough
ETS  Engelhard titanosilicate
LDF  Linear driving force
MFC  Mass flow controller
MFM  Mass flow meter
MOF  Metal–organic framework
MS  Mass spectrometer
NV  Needle valve
PBP  Point-by-point correction
PI  Pressure indicator
PSA  Pressure swing adsorption
SLPM  Standard liters per minute
TI  Temperature indicator
TIS  Tank in series correction

V  Valve
ZLC  Zero-length column

1 Introduction

The response observed at the exit of an adsorbent packed 
column to a step-change in the concentration of one or more 
absorbable component(s) in the feed is the breakthrough 
response of the column. A breakthrough response contains 
both equilibrium and kinetic information of the adsorb-
ate in adsorbent pores. The residence time of the response 
contains equilibrium information, and its spread contains 
kinetic information. Both of these are affected by the dead 
volume of the breakthrough apparatus. Hence, central to 
the usefulness of a breakthrough study is firstly to properly 
design the apparatus to minimize dead volume before and 
after the column, and then to apply an appropriate method 
to correct the effects of the dead volume on the residence 
time and spread of the concentration breakthrough front. 
The corrected breakthrough responses may then be analysed 
to extract adsorption equilibrium (data or isotherm model 
parameters) and mass transfer rate constants, and even some 
idea of the transport mechanism if the experiments are care-
fully designed. A breakthrough experiment may be easily 
extended to measure mixture equilibrium. The breakthrough 
responses also capture axial dispersion and heat transfer 
characteristics in an adsorption column, thus allowing an 
avenue to check the validity of available correlations for an 
a priori estimation of axial dispersion for flow through the 
packed bed, and heat transfer coefficients at the column wall. 
At the process level, a breakthrough study is useful to vali-
date mixture equilibrium and kinetic models that constitute 
a complete process simulation model. Variants of break-
through experiments may also be designed to validate the 
model for each step of a cyclic process individually.

In this article, we provide recommendations for designing 
a breakthrough experimental rig and then discuss the experi-
mental procedure and analysis of a breakthrough response 
for single component equilibrium measurements. We fur-
ther show how it can be easily extended to measure multi-
component equilibrium. After that, we discuss its usefulness 
as a tool to characterize adsorption kinetics in the context 
of the literature available on this important experimental 
technique. For the sake of brevity, the review is focussed on 
gas adsorption. While parallels can be drawn to liquid phase 
systems, we advise caution in doing so. In liquid systems, 
solute concentrations are low, columns are efficient owing 
to the use of smaller particle sizes, and thermal effects are 
usually negligible. These aspects, as will be shown later, 
cannot be ignored in gas systems. A detailed description 
of extracting equilibrium and kinetic information from liq-
uid phase adsorption breakthrough studies can be found 
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elsewhere (Guiochon et al. 2006; Seidel-Morgenstern 2004). 
The reader is referred to standard textbooks to be conversant 
with the fundamental principles that govern adsorption pro-
cesses (Ruthven 1984; Ruthven et al. 1994; Wankat 1986; 
Yang 2013). Finally, the literature is replete with break-
through studies, and it is not the aim of this work to pro-
vide a comprehensive review. Instead, the goal is to propose 
recommendations for setting-up and analysing breakthrough 
experiments and provide a limited set of examples.

2  Recommendations for the design 
of an experimental rig

A representative schematic of a breakthrough apparatus is 
shown in Fig. 1. The abbreviations and significance of the 
various lines are explained in the figure caption. The adsorp-
tion column is packed with the adsorbent under investiga-
tion. The mass flow controllers (MFCs) help control the feed 
flow rate and composition at the desired level. The mass 
flow meter (MFM) measures the flow leaving the adsorption 
column. In the figure, a mass-spectrometer (MS) is used to 
represent any instrument used to analyze the gas composi-
tion leaving the column as a function of time. The use of an 
inline mass spectrometer will give the flexibility of studying 
a wide variety of gases and their mixtures. The back-pressure 

regulator (BPR) is used to control the column pressure at the 
desired level. The valves (V1–9) are used to guide the flow 
and introduce a step-change in concentration at the column 
inlet. The pressure indicators (PIs) at the column inlet and 
outlet keep track of the operating pressure and pressure drop 
across the column. The column is immersed in a circulat-
ing water bath connected to a thermostat to help maintain a 
constant column wall temperature.

Industrial adsorption processes operate close to adiabatic 
conditions. However, for lab-scale experiments, specifically, 
where the quantity of adsorbent available is in the gram-
scale, it is difficult to achieve the adiabatic limit. Hence, 
it is a common practice to use temperature-controlled sys-
tems to remove heat so that isothermal conditions can be 
approached. Water cooling is more effective than air cool-
ing to remove the heat of adsorption. Water circulation can 
adequately maintain the temperature above its freezing point 
and below its boiling point at atmospheric pressure. Fluids 
are available to operate at a modest temperature below the 
freezing point or above the boiling point of water. Typically, 
an adsorbent bed is first regenerated by a combination of 
heating (while purging with an inert gas, typically helium) 
and periodically pulling a vacuum. If the required regen-
eration temperature is very high (like in the case of zeo-
lites), either heating in a high-temperature oven or furnace 
or heating in-situ, using heating tapes or a jacket furnace, 

Fig. 1  Schematic of a break-
through apparatus. MFC flow 
controller, MFM flow meter, MS 
mass spectrometer/gas chroma-
tograph/effluent analyser, NV 
needle valve, PI, TI pressure, 
temperature indicators, V1–9 
valves. Black lines (K): com-
mon, green lines (G): meas-
urement of column response 
including extra-column volume, 
red line (R): bypass lines for 
measurement of extra-column 
volume, purple line (P): flow 
stabilization, grey line (Y): for 
column regeneration (Color 
figure online)
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may be required. The vacuum pump is used to periodically 
pull a vacuum while heating. This enhances the effective-
ness of regeneration. The thermocouples (TI) are located 
along the column length in order to monitor the adsorbent 
bed temperature during breakthrough runs. A needle valve 
(NV) is placed between the MFM and BPR to send part of 
the column exit gas to the composition analyzer (MS). The 
rig can be fully automated for operation and data acquisition 
by replacing the manual valves with solenoid valves, and 
analog pressure and temperature indicators with electronic 
devices capable of sending and receiving electronic signals.

The green lines before and after the adsorption column 
represent the dead volume. Additional dead volumes can 
arise from tubing, fittings, instruments, portions of the col-
umn that are either empty or filled with glass-wool or other 
inert solids. While the dead volume cannot be completely 
eliminated, every attempt has to be made to minimize it. 
Whatever dead volume remains should be measured and cor-
rected from the total response. The red line is used to bypass 
the column in order to measure the dead volume. It is known 
as the dead volume or blank correction. The purple line is 
used to stabilize the flow before introducing a step-change 
in the adsorbate concentration at the column inlet. A mass 
flow controller takes some time to reach the set point. This 
is not a problem when we can allow a long residence time 
of the adsorbate in the adsorption column. When we deal 
with a weakly adsorbing system and/or we have only a small 
amount of the adsorbent for testing, then it is advisable to 
use the flow stabilization line. If solenoid valves are used, 
this will give almost an ideal step-change without any noise. 
If there is any concern about the complete mixing of the 
feed mixture prepared in situ, that may be solved by either 
using premixed gas cylinders or a short mixing tube in the 
feed line.

In addition to the above, the following recommendations 
are made for obtaining reliable breakthrough data. The 
diameter of the column should be at least 10 times of the 
adsorbent particle diameter in order to reduce the channeling 
effect at the wall. It is also recommended that the column 
length to diameter ratio is greater than 3. The column length 
should be chosen to ensure that the dead volume is not domi-
nant. In other words, care should be taken to ensure that the 
mean residence time of the blank run is not more than 20 
to 30% of the uncorrected mean residence time of the col-
umn response. This becomes a problem when only a small 
amount of a newly synthesized adsorbent is available, and 
breakthrough is measured for a weakly adsorbing adsorbate. 
Pressure measurements at the inlet and exit are important 
for correctly estimating equilibrium capacity. Increasing 
the flow rate increases the pressure drop and decreases the 
residence time. Low flow rates are recommended if only 
an equilibrium measurement is the target of the experi-
ment. An appropriate choice of length to velocity ratio 

becomes critical when we also want to extract kinetic infor-
mation from a breakthrough study. The adsorbent should 
be regenerated before experimentation and periodically in 
between runs. During regeneration, the column should be 
slowly heated to the required regeneration temperature and 
alternated between purging with an inert gas and pulling a 
vacuum for more effective regeneration. A table (Table S1) 
summarizing these guidelines is provided in the Supporting 
Information.

3  Experimental protocol and sample 
breakthrough responses

First in the protocol is to make the experimental rig leak 
proof. The column should be pressurized to the maximum 
pressure level expected in the investigation, and the pres-
sure must be held for the duration of the longest experiment. 
Although the flow controllers and the flow meter are factory 
calibrated, they will change over time. Also, the calibra-
tion conditions at the factory may be different from actual 
experimental conditions in the laboratory. Hence in-situ flow 
calibration against an independent standard like a bubble 
flow meter or any other hand-held flow calibrator is recom-
mended. The flow controllers facilitate the preparation of 
various mixture compositions in order to calibrate the detec-
tor. Having a stable baseline of the detector for the inert car-
rier gas, helium, for example, is essential. The baseline may 
drift if the breakthrough run is very long. Therefore, baseline 
drift should be checked and corrected. Unless we are dealing 
with very strongly adsorbing gases, purging with the inert 
gas and pulling vacuum for some time may be sufficient 
for regenerating in between runs. The dead volume must 
be measured at the same flow and pressure conditions as in 
the actual experiment while bypassing the column using the 
red line (c.f. Figure 1). It is indeed advantageous if the dead 
volume correction is negligible. However, this should be an 
informed decision and not an assumption.

After regeneration, the column and the detector are ini-
tialized by flowing an inert gas such as helium. This is done 
by opening valves V1, V4, V5, and V6. In this case, V4 
(c.f. Figure 1) is opened toward the green line. The BPR 
and the thermostat are set at the desired levels. The gas will 
flow all the way up to the vent with a small stream taken to 
the detector. Valves V4 and V6 are closed once the detector 
stabilizes at the baseline. The next step is to set the flow and 
composition of helium and the adsorbate  (CO2, for example) 
to be tested in the MFCs, and open V9 to stabilize the flow. 
The BPR in this line is also adjusted to the same pressure 
level used to initialize the column. The second BPR in the 
purple line is required to ensure that the flow does not reach 
the detector, so the baseline is not disturbed. Once the MFCs 
stabilize, a step change of the adsorbate concentration to the 
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column inlet is introduced by simultaneously opening valves 
V4 and V6, and closing V9. Again, V4 is opened towards 
the green line. The response at the column exit is monitored 
until the detector signal reaches a stable constant value, the 
bed temperature returns to the initial value, the exit mole 
fraction of the adsorbate becomes equal to the inlet frac-
tion, and the total outlet flow also becomes equal to the inlet 
flow. This marks the end of the adsorption breakthrough 
experiment.

The outcome of the experimental procedure narrated 
above is schematically shown in Fig. 2. In order to illustrate 
this, we consider a common test system of  CO2 (adsorbate) 
and He (inert). Naturally, the same discussion will apply to 
any other system. In Fig. 2a, the input graph shows that a 
controlled constant flow of a  CO2/He mixture is introduced 
as a step-change in the adsorbate mole fraction at the column 
inlet. The corresponding responses measured at the exit are 
shown on the right under output.  CO2 is retained by the 
adsorbent, and depending on the absorbent capacity and the 
feed flow rate, it will take some time to show up at the exit. 
Until  CO2 leaves the column, only the inert helium fraction 
of the feed flow will leave at the other end, so there will be 
a reduction in the exit flow rate compared to the inlet flow. 
The fractional reduction of the exit flow is a good indication 

of the mole fraction of  CO2 in the feed. In the plot, the exit 
flow rate normalized with the feed flow rate, 

(

Q(t)

Qin

)

, begins 
at 0.7, which is an indication that the  CO2 mole fraction in 
the feed is about 0.3. The exit flow rate will rise along with 
the rise of  CO2 in the exit stream. This is the beginning of 
the breakthrough and will continue until the exit flow rate 
and  CO2 mole fraction both become equal to the inlet valves. 
The temperature curves are not shown here to keep things 
simple. However, in an actual experiment, it is also impor-
tant to check that the entire bed has returned to the feed 
temperature. The output of a step-change in  CO2 concentra-
tion at the inlet yields a very spread out response at the exit. 
We will discuss later that, under isothermal conditions and 
for a system that obeys a type-I isotherm, this is a conse-
quence of the mass transfer resistance encountered by  CO2 
to diffuse from the bulk to the pore interior adsorption sites, 
and axial dispersion in the adsorption column and dead vol-
ume. It is also influenced by the shape of the equilibrium 
isotherm and, under non-isothermal conditions, by the heat 
generated by the exothermic adsorption.

At this point, if we want to measure the desorption break-
through, one choice is to just close valve V2. This will intro-
duce a reverse step change in concentration at the inlet, but 

Fig. 2  Representative dimen-
sionless concentration and flow 
curves measured at the column 
exit for a adsorption and b des-
orption breakthrough.  yin in b is 
the adsorbate mole fraction in 
the feed during the adsorption 
breakthrough run
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the desorption run will be at a reduced flow rate. In order to 
conduct the desorption run at the same flow rate as the 
adsorption step, valves V4 and V6 are closed, and valve V9 
is opened. Valve V2 is closed to stop the  CO2 flow, and the 
helium flow is adjusted to make it equal to the total feed flow 
rate of the adsorption run. Valves V4 and V6 are opened, and 
V9 is closed simultaneously after allowing some time for the 
increased helium flow to stabilize. The figures on the second 
row are for a helium flow rate equal to the feed flow rate in 
the adsorption run. Pure helium flows through the bed and 
eventually completely desorbs all the adsorbate  (CO2 in our 
discussion) from the bed for a reversible physical adsorption 
process. The desorbing  CO2 is added to the inlet helium 
flow, so now the flow rate increases at the exit, as may be 
seen from 

(

Q(t)

Qin

)

> 1 on the second y-axis. Starting from the 
feed mole fraction attained at the end of the previous run, 
shown as 

(

y(t)

yin
= 1

)

, the  CO2 mole fraction drops monotoni-
cally to zero when all the adsorbed  CO2 has been desorbed. 
The exit flow rate, starting from a higher value than that at 
the inlet, also drops to ultimately become equal to the flow 
rate at the inlet when  CO2 desorption is complete. Unless the 
 CO2 concentration is in the linear range of the isotherm, the 
desorption curve is mostly governed by the shape of the 
equilibrium isotherm and not so much by the mass transfer 
kinetics for a Langmuirian (type 1) isotherm. Due to this 
fact, it is even possible to estimate the entire adsorption iso-
therm from a desorption curve under specific conditions 
(Malek and Farooq 1996).

3.1  Importance of measuring flow rate at the exit

A change in the exit flow rate due to adsorption or desorption 
may be neglected only when the fraction of the adsorbable 
component in the feed during the adsorption breakthrough 
is very small. Hence, in general, the changing flow-rate at 
the exit should be measured. It is particularly important if 
breakthrough experiments are used to accurately measure 
equilibrium capacity.

It is worth noting that both the composition and the flow 
rate change at the column exit during a breakthrough experi-
ment. Directly measuring this changing flow rate using a 
Coriolis mass flow meter is preferred. If a volumetric flow 
meter is used, it should be carefully calibrated to account for 
the changing composition. In order to calibrate a volumetric 
flow meter for a range of adsorbate:inert compositions, the 
mixtures can be prepared either by using multiple MFCs or 
using pre-mixed cylinders. Once the desired composition 
and flow-rates are set, the flowmeter readings can be read 
along with the readings of an independent flow-calibrator, 
e.g., a bubble flow meter connected inline. From a set of 
these measurements, the flowmeter can be calibrated for 
a variety of compositions and flow-rate ranges. Attempts 

to express the exit flow rate with a function of the meas-
ured effluent mole fraction of the absorbable component by 
assuming a constant inert carrier flow rate at the exit (Malek 
et al. 1995) and also relaxing that assumption (Brandani 
2005) have shown limited success. It has been shown that 
either approach works reasonably well up to 50% adsorb-
able component in the feed for an adsorption breakthrough 
run, but the threshold for a desorption breakthrough run is 
much lower (circa 10%) for the constant carrier flow rate 
assumption (Brandani 2005). In Fig. S1 in the Supporting 
Information, the exit flow rate obtained from adsorption run 
for 10 mol% of the adsorbable component in the feed using 
the constant inert carrier flow approximation (designated as 
the helium reference method) is compared with the meas-
ured flow rate using a Coriolis mass flow meter (Goyal et al. 
2019).

3.2  Impact of extra‑column volume

The extra-column volume, or dead volume, increases the res-
idence time of a breakthrough response and leads to an over-
estimation of the equilibrium capacity calculated from the 
uncorrected column breakthrough response. Dead volume 
also affects the spread, i.e., the shape of the breakthrough 
curve, which in turn affects the information on adsorp-
tion kinetics extracted. Hence, the measured breakthrough 
responses must be corrected from the blank response in 
order to obtain the true response of the breakthrough col-
umn, which can then be analysed to obtain reliable equilib-
rium and kinetic information. Correcting only the residence 
time is relatively simple, and it also does not matter whether 
the dead volume is upstream or downstream of the adsorp-
tion column. Correcting for the additional spread contributed 
by the dead volume is more involved, and different meth-
ods have been proposed in the literature (Joss and Mazzotti 
2012; Rajendran et al. 2008). It should also be noted that 
the proposed methods assume that the additional spread of 
the mass transfer front is contributed by the dead volume 
downstream of the adsorption column. Thus, the implied 
assumption is that the dead volume upstream of the adsorp-
tion column is in plug flow, and hence the column inlet 
sees a perfect step change as introduced. Any (significant) 
deviation from a perfect step change at the inlet, if it can be 
accurately measured, should ideally be reflected in the inlet 
boundary condition in the simulation.

3.2.1  Methods of correcting dead volume

A common practice for the blank or dead volume correction 
that is adopted in several studies is to measure a blank 
response under the same flow rate, pressure, and temperature 
conditions as the actual experiment by simply bypassing the 
adsorption column with a tube (or a connector) of negligible 
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volume. This blank response is then subtracted point-by-
point (PBP) from the composite response (i.e., including the 
adsorption column) on a c(t)

cin
 versus time plot to account for 

extra-column contributions. The underlying assumption of 
this method is that the blank and the column responses are 
linearly additive, which fails when the adsorbable compo-
nent in the feed is concentrated, and consequently the flow 
rate change at the column exit (due to adsorption) is not 
negligible (Rajendran et al. 2008). A tank in series (TIS) 
method was proposed where the blank response due to a step 
concentration change in the feed is modelled as a collection 
of continuous stirred tanks, which is used to invert the TIS 
model to predict the expected response at the column exit 
from the measured composite/combined response from col-
umn and blank.

In a recent study (Goyal et al. 2019), it was argued that 
the PBP method of blank correction should yield the same 
result as the TIS method if we use the normalized molar flow 
rate (of the adsorbable component) at the exit, i.e., we use 
y(t)Q(t)

yinQin

 versus time plots instead of c(t)
cin

 versus time. Here, Q(t) 
is the changing standard molar flow rate at the exit, and Qin 
is the controlled constant standard molar flow rate at the 
inlet. The method is illustrated in Fig. 3a, and the results 
presented in support of this claim are shown in Fig. 3b.

4  Analysis of breakthrough experiments

4.1  Single component equilibrium

The breakthrough response for a step-change in the concen-
tration of an adsorbable component in the feed, after a dead 
volume correction, should ideally contain the same equilib-
rium information obtainable from an uptake experiment con-
ducted in a gravimetric balance or a constant volume appa-
ratus. The adsorption column should start with a uniform 
temperature equal to the feed and must return to that same 
state at the end. So, an isothermal mass balance is adequate 
to calculate the equilibrium capacity of the adsorbent equili-
brated with the feed composition at a given temperature and 
pressure. A general mass balance of an adsorption column 
that includes a velocity change but neglects pressure drop 
will be derived first.

In the above expression, y,Q,P and T  refer to the mole 
fraction of the adsorbate, total volumetric flow-rate, total 
pressure, and temperature. Q is at some reference (“ref”) 
states of P and T  at which the flowmeter is calibrated 
(usually specified by the flowmeter manufacturer). The 

(1)Input =
QinPref

RgTref
yint∞ =

A�vinPin

RgTin
yint∞.

parameters A, �, and v refer to the cross-sectional area of the 
column, the bed voidage, and the interstitial velocity, respec-
tively. We have a constant molar flow rate of the adsorbate at 
the inlet for the entire duration of the adsorption run. Hence, 
the total number of moles of the adsorbate into the column is 
its molar flow rate multiplied by the duration of the adsorp-
tion run indicated here as t∞. Infinity is used to remind us 
that we have to give sufficient time for the column to be 
completely equilibrated with the feed composition.

We have a changing molar flow rate of the adsorbate, 
leaving the adsorption column. Hence, the total amount of 
adsorbate out of the column is the integral of the changing 
amount from time 0 to infinity. At the end of an experiment, 
the accumulation in the column can be written as:

(2)

Output = ∫
t∞

0

Q(t)Pref

RgTref
y(t)dt = ∫

t∞

0

A�v(t)Pout(t)

RgTout(t)
y(t)dt.

(3)Accumulation = LA�
yinPin

RgTin
+ LA(1 − �)q∗

in
.

Fig. 3  a Illustration of the point-by-point blank correction method. 
b Close agreement between the PBP correction of the breakthrough 
responses in normalized exit molar flow rate vs. time plot and the TIS 
correction. The results are for  N2 breakthrough in a bed packed with 
silica gel (Goyal et al. 2019). In this study, the subscript ‘o’ was used 
to denote values at the column inlet
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The accumulation consists of two contributions. The first 
and the second term represent the accumulation in the void 
spaces and the solid phase, respectively. Note that q∗

in
 repre-

sents the solid phase loading that is in equilibrium with the 
fluid phase concentration, cin

(

=
yinPin

RgTin

)

.

When the breakthrough is complete, the overall mass bal-
ance is given by:

By combining Eqs. (1) to (4), we obtain

which, upon rearrangement gives:

The definition of the mean residence time ( 
−

t ads ) is given 
by the integral on the left-hand side of Eq. (6). It is worth 
noting that Qin is at a reference pressure and temperature but, 
vin is at the column inlet pressure and temperature: 
vinPin

TinRg

�A =
QinPref

TrefRg

 . The constant mole fraction, yin , of the 

adsorbate and the constant total flow rate, Qin , are measured 
at the inlet. At the exit, the changing mole fraction of the 
adsorbate y(t) and total flow rate Q(t) as a function of time 
are measured. The flow rates are typically in standard volu-
metric flow rate units, i.e., at some reference temperature 
and pressure conditions. Therefore, it is recommended to use 
a y(t)Q(t)

yinQin

 vs. time plot after a blank correction (see Fig. 4). 
Since both the volumetric flow rates are at the same refer-
ence conditions, the ratio represents the adsorbate molar 
flow rate at the exit normalized with its constant molar flow 
rate at the inlet. Therefore this plot, for the case of single-
component breakthrough experiments, will always change 
from 0 to 1 on the y-axis. In such a plot, the shaded area in 
Fig.  4a represents the integral on the left-hand side of 
Eq. (6).

(4)Input − Output = Accumulation.

(5)

QinPref

RgTref
yint∞ − ∫

t∞

0

Q(t)Pref

RgTref
y(t)dt = LA

[

�
yinPin

RgTin
+ (1 − �)q∗

in

]

(6)∫
t∞

0

(

1 −
y(t)Q(t)

yinQin

)

dt =
−

t ads =
L

vin

[

1 +
(1 − �)

�

q∗
in

cin

]

.

When a reverse step change in the adsorbate mole fraction 
(from yin to 0) is introduced at the inlet of the adsorption 
column, in order to completely desorb the adsorbate after 
reaching an equilibrium with the feed concentration in the 
adsorption run ( cin ), Eq. (6) becomes:

Note that for the case of desorption runs, the subscript 
“initial” refers to conditions at which the column was satu-
rated prior to desorption. Here the adsorbate molar flow rate 
at the exit is normalized with the molar flow rate used to 
equilibrate the bed prior to the desorption run. The shaded 
area in Fig. 4b represents the integral on the left-hand side 
of Eq. (7).

For a reversible physical adsorption process that does not 
show hysteresis, q∗

in
 and q∗

initial
 obtained from the adsorption 

and desorption runs must be equal. If the mole fraction of 
the adsorbable component is very low, such that it is within 
the linear range of the isotherm and the change in exit flow 
rate due to adsorption is negligible, then Q(t) ≈ Qin and 
q∗
in

cin
= K (Henry’s constant), and the adsorption and desorp-

tion breakthrough curves will be practically mirror images 
of one another. For systems that show a highly non-linear 
type-1 isotherm, complete desorption could take an imprac-
tically long time. In such cases, significant discrepancies 
could be noticed between the adsorption and desorption 
capacities.

The same procedure can be repeated at different feed con-
centrations. The water bath (see Fig. 1) may also be main-
tained at different temperatures. Clearly, the breakthrough 
method may also be used to measure equilibrium isotherms 
over a wide range. However, at least two different methods 
of equilibrium data measurement are recommended to con-
firm data reliability and reproducibility.

While a negligible pressure drop is a good approxima-
tion for breakthrough runs conducted in laboratory-scale 
columns packed with commercial adsorbent particles 
(2–3 mm in diameter), the assumption may not hold when 

(7)∫
t∞

0

(

y(t)Q(t)

yinitialQin

)

dt =
−

t des =
L

vin

[

1 +
(1 − �)

�

q∗
initial

cinitial

]

.

Fig. 4  The shaded areas repre-
sent the integral on the left-hand 
side of a Eq. (6) and b Eq. (7)
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breakthrough experiments are conducted in even small col-
umns (5 to 10 cm) packed with as-synthesized crystals of 
a variety of new adsorbents. In this case, the mass balance 
equations must be modified to account for a non-negligible 
pressure drop in the adsorption column. Since the exact pres-
sure profile along the length of the adsorption column is not 
known, a linear pressure profile assumption will change Eqs. 
(6) and (7) as follows:

In Eq. (10), Pin and Pout , are the inlet and exit pressures 
of the adsorption column at the end of the adsorption break-
through run. q∗

avg
 is the adsorbed phase loading in equilib-

rium with cavg.
Breakthrough results are also presented in the literature 

as c(t)
cin

 versus time, y(t)
yin

 versus time, c(t)v(t)
cinvin

 versus time and y(t)v(t)
yinvin

 
versus time plots. When the breakthrough is complete, we 
have y(t) = yin , T(t) = Tin , c(t) =

yinPout

RgTin
 and v(t) = vinPin

Pout

 . 

Therefore, while y(t)
yin

 versus time plot, and c(t)v(t)
cinvin

 versus time 
plot will always ultimately reach one, c(t)

cin
 versus time plot 

will only reach one when the pressure drop is negligible. 
This plot will settle below one when the pressure drop across 
the adsorption column is non-negligible. Similarly, y(t)v(t)

yinvin
 

versus time plot will settle above one when there is pressure 
drop across the adsorption column. Hence, a reliable esti-
mate of equilibrium data from a breakthrough run depends 
on the blank correction and unambiguous presentation of 
experimental data as a y(t)Q(t)

yinQin

 versus time plot commensurate 
with the definition of the mean residence time (Peter et al. 
2013).

The equilibrium data for  N2,  CH4, and  CO2 on a 
metal–organic framework adsorbent, Cu-BTC (copper 
benzene-1,3,5-tricarboxylate), from breakthrough and 
volumetric experiments (Najafi Nobar and Farooq 2012) at 
two different temperatures are compared in Fig. 5. Similar 
comparisons for  N2,  CO2, and  H2O on zeolite 13X (Wilkins 
et al. 2020; Wilkins and Rajendran 2019) are shown in Fig. 
S2 in the Supplementary Information. For the concentra-
tion range covered,  N2 and  CH4 exhibit a fairly linear equi-
librium on Cu-BTC with increasing concentration, while 
 CO2 is slightly nonlinear at higher concentrations. On 13X 
zeolite,  N2 is quite linear,  CO2 is nonlinear, and  H2O is very 

(8)
∫

t∞

0

(

1 −
y(t)Q(t)

yinQin

)

dt =
−

t ads =
L

vin

[

1 +
(1 − �)

�

q∗
avg

cavg

]

,

(9)∫
t∞

0

(

y(t)Q(t)

yinitialQin

)

dt =
−

t des =
L

vin

[

1 +
(1 − �)

�

q∗
avg

cavg

]

,

(10)cavg =
(Pin + Pout)yin

2RgTin
.

nonlinear. The results also represent a wide range of solid 
loading ranging from very low  N2 adsorption on Cu-BTC 
to very high loadings for water adsorption on 13X zeolite. 
As seen, no matter how strong the affinity is to the adsor-
bent, breakthrough experiments can match static equilibrium 
measurements, if performed properly.

The experimental adsorption and desorption break-
through curves, the mole fraction measured at the column 
exit, and the temperature measured at a fixed location along 
the column for  N2,  CH4, and  CO2 on Cu-BTC are also shown 
in Fig. 5 (Najafi Nobar and Farooq 2012). They represent, 
from the bottom row to the top row, increasing non-linearity 
of the isotherm at the inlet feed conditions.  N2 exhibits a 
practically linear isotherm; therefore the adsorption and 
desorption breakthrough curves are symmetric. This is also 
observed in the temperature breakthrough curves. Both the 
maximum adsorption temperature and minimum desorption 
temperature occur at the same time, and both return to the 
feed temperature at the same time. Although the  CH4 iso-
therms look almost linear, the breakthrough curves exhibit 
mild asymmetry between adsorption and desorption. The 
desorption temperature curve also takes longer to return to 
the feed temperature compared to its adsorption counterpart. 
The asymmetry is more pronounced for  CO2. The adsorp-
tion temperature curve has a much greater amplitude than 
the desorption curve. The latter also takes much longer to 
come back to the initial temperature. In a type 1 equilibrium 
system, the desorption (concentration) breakthrough curve 
becomes increasingly equilibrium controlled with increasing 
nonlinearity. Hence, a desorption breakthrough is not recom-
mended for studying mass transfer kinetics.

The effect of isotherm nonlinearity on the breakthrough 
time, while keeping the feed flow rate unchanged, is shown 
in Fig. S3 in the Supporting Information (Wilkins and 
Rajendran 2019). The  N2 runs at three compositions are 
shown. In Fig. S3e, the red, blue, and black curves corre-
spond to 25, 50, and 85 mol%  N2 in helium at the same 
pressure and temperature. Although the concentration of  N2 
in the feed has increased, all three breakthroughs occur 
around the same time ( ≈ 12 dimensionless time). The dimen-
sionless time is the ratio of the actual time to the time it 
would take an inert component to travel through the column. 
This is expected, according to Eq. (6). It clearly shows that 
for the same L , vin and � the mean residence time only 
depends on q

∗
in

cin
 , which is the slope of the chord from zero 

loading to the respective equilibrium point. Since all three 
chords practically overlap in the linear range of the isotherm, 
the breakthrough curves all have the same mean residence 
time. It is important to note that while the compositional 
breakthrough appears complete at 30 dimensionless time, 
the thermal waves do not come back to the inlet temperature 
until at least 300 dimensionless time. In order to obtain 



406 Adsorption (2021) 27:397–422

1 3

accurate equilibrium data temperature breakthrough curves 
must return to the inlet conditions. It should be noted that 
more heat is generated for a larger step change in concentra-
tion. In the case of breakthrough curves for  CO2 on zeolite 
13X, also included in Fig. S3, the breakthrough times for 
different feed concentrations (at the same feed flow rate) are 
no longer equal since q

∗
in

cin
 is not constant outside of the Henry 

region. The lower the concentration is of the step input, the 
longer it will take for the breakthrough curve to be seen at 
the column exit. The same is true for the temperature curves. 
This experiment also illustrates the fact that it takes much 
longer for the temperatures to return to the initial condition. 
Therefore, in order to obtain good data, the breakthrough 
experiment should be continued not just until the composi-
tion appears to have reached the inlet value, but also the 
temperature to reach the inlet or initial conditions. It will be 
shown later that for macropore controlled transport, the mass 
transfer rate is inversely affected by q

∗
in

cin
 . This partly explains 

the higher spread of the breakthrough front at a lower  CO2 
feed concentration. The sharper breakthrough front at a 
higher  CO2 partial pressure is also due to the self-sharpening 
of its concentration wave front due to a higher nonlinearity 
of the isotherm at this feed condition. Hence, the adsorption 
breakthrough experiments should be conducted in the linear 
to the modest nonlinear range to reliably estimate the mass 
transfer rate.

4.2  Presentation of multicomponent breakthrough 
results

In the adsorption literature on new adsorbents, mixture 
breakthrough results are commonly presented as a y(t)

yin
 versus 

time plot or c(t)
cin

 versus time plot to demonstrate the selectiv-
ity of the adsorbent for a given mixture of components. 
These two types of plots are often interchangeably used and 
considered as equivalents. A representative breakthrough 

Fig. 5  Adsorption and desorption breakthrough curves for  N2,  CH4, 
and  CO2 on Cu-BTC (Najafi Nobar and Farooq 2012). The adsorbate 
mole fraction is measured at the column exit, and the temperature is 
measured at a fixed location along the column. In the legend, BTC 

stands for dynamic column breakthrough equilibrium measurements, 
while CV stands for equilibrium measurements from a constant vol-
ume experiment. Note that q∗

i
 and ci are in units of mmol/cm3
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response for a binary system plotted as y(t)
yin

 versus time for 
both components is shown in Fig. S4 in the Supporting 
Information. The maximum value of y(t)

yin
 for the weaker com-

ponents attains a value greater than one. This overshoot is 
commonly referred to as a roll-up. It is an important signa-
ture for a competitive mixture breakthrough. In an n-com-
ponent system, there will be n − 1 roll-ups, and only the 
strongest adsorbing component will not show any roll-up. 
n − 1 roll-ups in an n-component adsorption system is a phe-
nomenon of equilibrium origin (Basmadjian et al. 1987; 
Rhee et al. 2001). Roll-up of both the components of kinetic 
origin in a binary system has also been reported in the litera-
ture (Farooq and Ruthven 1991; Kapoor and Yang 1987). 
When the equilibrium capacity of two components differs 
significantly, the weaker component will be practically pure 
in the exit stream until the stronger component begins to 
breakthrough. Hence, the maximum value of y(t)

yin
 for the 

weaker component is 1
yin

 where yin is the mole fraction of the 
weaker component in the feed. The other method of repre-
senting breakthrough curves is to use the ratio of the con-
centrations at the outlet to that of the inlet, i.e., c(t)

cin
=

y(t)P(t)Tin

yinPinT(t)
 . 

It should be noted that even for systems with large heat 
effects, the exit temperature is greatly attenuated by the large 
capacity of the end metal plate of the adsorption column. 
Therefore, in multi-component breakthroughs, whether a c(t)

cin
 

versus time plot for a weaker component will have roll-up 
will depend on the pressure drop and its mole fraction in the 
feed. Hu et al. (2017) have shown the pressure drop in a 
small column packed with different types of MOF crystals 
can be quite large and depending on the feed composition 
and that is it entirely possible for the maximum value of c(t)

cin
 

to remain below one for the weaker adsorbate. This discus-
sion is a reminder of an important fact that the roll-up that 
can be seen in a y(t)

yin
 versus time or c(t)

cin
 versus time plot in gas 

phase studies is not a confirmation of competitive adsorp-
tion. In the gas phase breakthrough, the roll-up will also 
occur even when the isotherms are linear or nonlinear and 
cooperative so long as the components travel at different 
velocities owing to the differences in affinity. Our recom-
mendation to use a y(t)Q(t)

yinQin

 versus time plot also applies for a 
multi-component breakthrough study where measurable roll-
up is a confirmation of competitive adsorption.

4.3  Analysis of a multicomponent breakthrough 
run for mixture equilibrium

There is a limited amount of multi-component equilibrium 
data in the literature. Often, multi-component equilibrium 
is estimated through ideal adsorbed solution theory or 
simple extensions to models fitted with single-component 

equilibrium data. While in some systems, these approxi-
mations or extensions may be reasonable, it is always 
advisable to at least perform a limited validation of mix-
ture equilibrium using experiments. It should be reiter-
ated that multi-component breakthrough experiments can 
offer insight into competitive adsorption equilibrium and 
provide validation to the process model used in simula-
tion studies.

A multi-component adsorption breakthrough experiment 
is performed the same way that a single-component experi-
ment is performed. Some attention needs to be given to the 
calibration of the exit flow rate and composition. A similar 
method to what was described in Sect. 3.1 can be used with 
multiple adsorbates and an inert gas. Depending on the 
detectors, the signal might change drastically with different 
gas mixtures. For example, a detector signal for  CO2 in  N2 
could be different from that in helium for the same  CO2 
composition. The column mass balance for each component 
in a multi-component breakthrough experiment the same as 
the one derived for a single adsorbable component in 
Sect. 4.1. The equilibrium capacity of the mixture compo-
nents may be obtained from experimental breakthrough data 
plotted as yi(t)Q(t)

yi,inQin

 versus time. The multi-component versions 
of Eqs. (6) and (7), shown as Eqs. (11) and (12), apply for 
adsorption and desorption runs, respectively. Similarly, 
multi-component versions of Eqs. (8) and (9), using ci,avg and 
q∗
i,avg

 instead, are applicable when the pressure drop is 
significant.

When a mixture feed is introduced in an initially clean 
bed, the breakthrough for a binary mixture will qualitatively 
look like the curves shown in Fig. 6a. The blue adsorption 
breakthrough is for the light component and the red for the 
heavy component. The heavy component qualitatively looks 
the same as any single-component breakthrough. After a 
period of time, the breakthrough is seen at the effluent of the 
column. The light component will breakthrough before the 
heavy component. In normalized mole flow, yi(t)Q(t)

yi,inQin

 , it will 
go above 1 for some time. The light component will come 
back to 1 when the heavy component breaks through. The 
roll-up (the part above 1) in this plot is a confirmation of 
competitive adsorption, unlike the roll-ups in a yi(t)

yi,in
 
(

or
ci(t)

ci,in

)

 
versus time plot as discussed earlier. For the weaker compo-
nent, the integral in Eq. (11) is given by area A minus area 
B (Wilkins and Rajendran 2019). For the stronger 

(11)∫
t∞

0

(

1 −
yi(t)Q(t)

yi,inQin

)

dt =
L

vin

[

1 +
(1 − ε)

ε

q∗
i,in

ci,in

]

,

(12)∫
t∞

0

(

yi(t)Q(t)

yi,initialQin

)

dt =
L

vin

[

1 +
(1 − ε)

ε

q∗
i,initial

ci,initial

]

.
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component area C represents the integral, which (as already 
mentioned) is similar to a single component breakthrough.

4.4  Challenges of handling mixtures of very strong 
and very weak components

If the capacity of the weaker component is low and the 
capacity difference with the strongly adsorbed component 
is very large, measuring area B accurately becomes chal-
lenging (Wilkins et al. 2020; Wilkins and Rajendran 2019). 
For such systems, area B may have a similar magnitude to 
area A; small errors can accumulate during the experiment 
and yield an incorrect equilibrium. This often comes from 
uncertainties associated with flow and composition measure-
ments. When there is a large selectivity, a small displaced 
amount is eluted over a long time, so the roll-up may not 
appear to be significant. If the flow meter is not able to meas-
ure this, it could mislead one to conclude that there is no 
roll-up and hence no competition. Thus it may appear that 
the integral is just area A. In such cases, a good alternative 
is to first equilibrate the adsorption column with a known 
mixture and then desorb the co-adsorbed weaker compo-
nent by purging the bed with a pure feed of the stronger 
component (Goyal et al. 2019). It is also possible to des-
orb both the components by purging the equilibrated bed 
with helium (Wilkins and Rajendran 2019). The desorption 
breakthrough curves of the two components obtained in the 
latter case are shown in Fig. 6b, where the blue curve is for 
the light (weaker) component, and the red curve is for the 
heavy (stronger) component. The integral in the mass bal-
ance given by Eq. (12) now contains terms that refer to the 
initial conditions of the bed instead of the inlet conditions. 
Area D corresponds to the integral for the light component, 

and area E is integral for the heavy component. It is rela-
tively easy to measure area D for the light component in a 
desorption experiment than to measure the areas A–B in an 
adsorption experiment. It is also possible to measure area E 
for the heavy component, but that may take a long time; for 
some very strongly adsorbed systems (such as  H2O on zeo-
lite 13X), it is practically impossible to desorb completely 
with only an inert sweep gas (Wilkins and Rajendran 2019).

To summarize, for a given set of conditions, we recom-
mend measuring the heavy component equilibrium loading 
using an adsorption breakthrough experiment and measuring 
the light component loading with a desorption experiment. 
This idea is illustrated in Fig. S5 in the Supporting Informa-
tion (Wilkins and Rajendran 2019). The  CO2 equilibrium 
capacity was obtained from the red area via Eq. (11) and 
that of  N2 was obtained from the grey area using Eq. (12). 
One set of equilibrium points is obtained from two break-
through experiments. Experiments were repeated at other 
 CO2:N2 compositions to obtain the other pairs of equilibrium 
points. These results are shown in Fig. S6a in the Supporting 
Information.

With post-combustion carbon capture being a popular 
topic at the moment, many researchers want to perform 
breakthrough experiments using humid-CO2 (Xiao et al. 
2008).  CO2 and water breakthrough curves and the corre-
sponding temperature curves on 13X zeolite at three dif-
ferent relative humidities are shown in Fig. 7. Attention 
should be paid to the fact that  H2O takes much longer to 
breakthrough than  CO2. As seen, all three  CO2 compositions 
initially breakthrough at the same time. When compared to 
a single-component  CO2 experiment at the same conditions, 
nearly the same breakthrough curve will be found. Often, 
this observation is used as proof that  CO2 is unaffected by 

Fig. 6  Binary breakthrough response for a adsorption in a clean bed 
and b desorption from the equilibrated bed from the adsorption step 
showing areas related to equilibrium calculations (Wilkins and Rajen-

dran 2019). The figures in the top row, shown in blue, correspond to 
the light component, while the figures in the bottom row, shown in 
red, correspond to the heavy component (Color figure online)
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 H2O in the breakthrough experiment and that the material 
shows high  CO2 capacity even in the presence of  H2O. Such 
a conclusion is incorrect, as this analysis fails to account for 

the  CO2 roll-up and subsequent  H2O breakthrough. In these 
experiments,  H2O travels very slowly through the column. 
As water travels through the column,  CO2 is pushed out and 
replaced with  H2O. At the beginning of the breakthrough, 
what  CO2 sees is almost a clean bed, a situation similar to 
what it will see even in the absence of water. Over time, 
water will remove most of the accumulated  CO2. When 
water breaks through, the  CO2 roll-up ends, the effluent 
temperature returns to the inlet temperature, equilibrium 
has been reached, and now very little  CO2 is left behind 
in the adsorbent (Xiao et al. 2008). This is evident from 
the  CO2:H2O mixture equilibrium isotherms shown in Fig. 
S6b in the Supporting Information, measured following the 
same procedure described for  CO2:N2 mixture in the previ-
ous section.

5  Adsorption kinetics from breakthrough 
experiments

A breakthrough study is an important transition between 
particle scale characterization of single-component adsorp-
tion equilibrium and kinetics, and process investigation and 
design. The adsorption separation processes are broadly 
classified into two types: equilibrium controlled and kineti-
cally controlled. We include steric hindrance (or size-exclu-
sion) in the latter category as an extreme case of kinetic 
separation. The modeling and design of either type of sepa-
ration require knowledge of adsorption kinetics. Kinetically 
controlled separation processes are controlled by adsorb-
ate transport in the micropores and require experimentally 
validated detailed kinetic models, including the concentra-
tion dependence of micropore transport for reliable process 
design. On the one hand, breakthrough studies on kinetically 
controlled systems are limited. On the other hand, there is 
a significant body of published work where breakthrough 
studies are used as a way to validate the column dynamics 
models on a limited scale before extending it for preliminary 
equilibrium-controlled separation process investigation by 
simulation. A closer look at these studies reveals two main 
approaches. One approach is to choose or develop a col-
umn dynamics model and compare it with single component 
experimental breakthrough results for each component of 
the mixture to be separated using independently measured 
equilibrium and diffusion parameters usually obtained from 
a batch method. In many cases, diffusivity obtained from a 
low-pressure uptake is used to estimate the mass transfer 
rate constant to simulate experimental breakthroughs also 
conducted at low pressures. In another approach, the sin-
gle component equilibrium isotherm measured in a batch 
method is used, but the mass transfer rate constant is esti-
mated by fitting the simulation result to the experimental 
breakthrough curve. Some mixture equilibrium model is 
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Fig. 7  Competitive a  CO2 and b water breakthrough curves, and c 
the corresponding temperature breakthrough curve on 13X zeolite at 
three different relative humidities (Wilkins et al. 2020)
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assumed that directly uses the single component parameters. 
It is further assumed that the impact of any change in the 
mass transfer rate constants under the process conditions is 
secondary in equilibrium-controlled separations where the 
transport resistance is mostly in the macropores. We will 
show later that independent of the transport mechanism; the 
macropore controlled transport rate constant is also affected 
by the nonlinearity of the isotherm. In the equilibrium part 
of this review, we highlighted the importance of validating 
the mixture equilibrium model used in a process explora-
tion study and showed how dynamic column breakthrough 
experiments could be extended to generate reliable mixture 
equilibrium data. In this section, we advocate the importance 
of understanding the transport mechanism in the adsorbent 
pores and show how breakthrough experiments can be an 
effective tool to achieve that. The text above classifies dif-
ferent ways in which breakthrough has been used in studies 
in the literature. They will be illustrated with appropriate 
examples. Before we move on, it is important to remind that 
in breakthrough experiments, unlike other small-scale tech-
niques, such as the zero-length-column, heat, flow effects, 
and the local-equilibrium conditions impact the estimation 
of kinetic information. However, by careful experimental 
design and analysis, it would be possible to estimate kinetic 
information with reasonable confidence.

5.1  Transport mechanisms in adsorbent pores

According to the IUPAC (International Union of Pure and 
Applied Chemistry) classification, pore diameters < 20 Å are 
classified as micropores, between 20 and 50 Å as mesopores 
and > 50 Å as macropores (Thommes et al. 2015). In this 
discussion, we will not distinguish between mesopores and 
macropores, and consider pore diameters > 20 Å as macropo-
res. Commonly encountered transport mechanisms in adsor-
bent pores are molecular diffusion, Knudsen diffusion, sur-
face diffusion, and micropore diffusion (Kärger et al. 2012). 
The first three mechanisms occur in the macropores of an 
adsorbent particle, and the radius of a spherical particle is 
the characteristic dimension that affects the diffusional time 
constant. For non-spherical adsorbents of cylindrical or 
irregular shapes, the radius of an equivalent sphere is often 
used, which is obtained by equating the (external) surface 
area to volume ratio of the actual geometry.

The mass transfer rate is proportional to the macropore 
diffusivity and inversely proportional to the square of the 
particle radius. Similarly, for transport in the micropores, 
the mass transfer rate is proportional to the micropore dif-
fusivity and inversely proportional to the square of the 
(equivalent) crystal radius when the adsorbent is a crystal-
line material (examples are zeolites, Engelhard titanosili-
cates, metal–organic frameworks, etc.). Unlike the case of 

crystalline materials, in the case of non-crystalline adsor-
bents (like activated carbons, carbon molecular sieves, 
etc.), a hypothetical radius is used. Therefore, for non-crys-
talline adsorbents, it is not possible to separately estimate 
the micropore diffusivity from macroscopic experiments 
(gravimetry, volumetry, breakthrough, etc.). It is presented 
as the diffusional time constant (ratio of micropore diffu-
sivity over the square of a hypothetical radius). While the 
kinetic theory of gases allows the estimation of the molecu-
lar diffusivity and Knudsen diffusivity from physical prop-
erties and operating conditions, surface diffusivity and 
micropore diffusivity are still determined experimentally.

In the macropores, the changes in the length of the dif-
fusion path due to the pore structure of the passage must be 
taken into consideration. Thus, the effective molecular dif-
fusivity, 

(

Dm

)

macro
 , in the macropores of a porous adsorbent 

is related to the molecular diffusivity in the homogeneous 
bulk fluid (Dm) as follows:

where τ is the tortuosity factor (typical value of 3 is used 
in the absence of a better estimate (Ruthven 1984)). It is 
worth noting that Dm, according to the Chapman–Enskog 
equation, is inversely proportional to the pressure and pro-
portional to T1.5:

where M is the molecular mass of a given species, �12 is 
the average collision diameter, and Ω(�∕kT) is the collision 
integral (Bird et al. 1964). Molecular diffusion in the adsor-
bent pores is hindered by more frequent collisions with the 
pore wall in small diameter pores at low pressure. Unlike 
molecular diffusion, Knudsen diffusivity (DK) is independent 
of pressure and is calculated using:

where r� is the pore size in cm, T  is the temperature in K, 
and M is the molecular weight of the gas in g/mol. Knud-
sen diffusion occurs in series with molecular diffusion. The 
tortuosity correction is similar to that for the molecular 
diffusivity.

Surface diffusion refers to the direct contribution to flux 
in a pore from transport through a physically adsorbed 
layer on the surface of the macropore. Surface diffu-
sion increases with increasing pressure in the non-linear 
range of the isotherm. It occurs in parallel with Knudsen 
diffusion.

(13)
(

Dm

)

macro
=

Dm

�
,

(14)Dm =
0.001859T1.5

(

1

M1

+
1

M2

)0.5

P�2
12
Ω(�∕kT)

(cm2∕s),

(15)DK = 9700r�

√

T

M
(cm2∕s),
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q∗ (mol/m3) is the adsorbed phase concentration in equi-
librium with the adsorbate concentration c (mol/m3) in the 
macropore gas, and DK+s is the effective diffusivity due to 
the Knudsen and surface diffusion. In the linear limit, q

∗

c
 

approaches the Henry’s constant, K . The effective diffusivity 
is also subjected to the tortuosity correction. Since molecu-
lar diffusivity is in series with Knudsen and surface diffu-
sion, the effective particle diffusivity Dp , can be written as

In the micropores, the adsorbate  is always under the 
adsorption force field of the pore wall. There is no free gas 
phase within the confines of the micropores. The micropore 
diffusivity (Dc) is obtained by fitting an appropriate dif-
fusion model to the measured batch uptake versus time 
curve of adsorbate in an adsorbent. It can also be obtained 
from breakthrough experiments. Like surface diffusivity, 
micropore diffusivity may also be a function of the adsorbed 
phase concentration in the nonlinear range of a favourable 
isotherm. Hence, attention should be paid to the initial con-
dition and size of the step perturbation used in the experi-
ment for a proper interpretation of the measured diffusivity 
value. In order to avoid ambiguity, it is customary to report 
the micropore (and also surface) diffusivity values measured 
in the linear range of the isotherm called the limiting dif-
fusivity (Dc,0).

5.2  The linear driving force model

The linear driving force (LDF) approach, a lumped-param-
eter model, is commonly used to describe the mass trans-
fer kinetics in an adsorption column. In this approach, the 
lumped parameter, the LDF coefficient, k , is related to the 
various resistances by the following equation:

Haynes and Sarma derived the above equation using a 
moment analysis of the pulse response from a chromato-
graphic column model that explicitly allowed for linear 
adsorption equilibrium and external film, macropore, and 
micropore resistances (Haynes and Sarma 1973). This linear 
additivity rule has been widely used in the literature beyond 
Henry’s law region by replacing K with q

∗
in

cin
, as shown in 

Eq. (19) (Hassan et al. 1985)

(16)(DK+s) = DK +

(

1 − �p

�p

)(

q∗

c

)

Ds.

(17)
1

Dp

= �

(

1

Dm

+
1

DK+s

)

.

(18)1

k
=

RpK

3kf
+

R2
p
K

15�pDp

+
r2
c

15Dc

.

It should be noted that both q
∗
in

cin
 and Dc depend on the sin-

gle component and mixture equilibrium isotherms. The con-
tribution of Dm in Dp is also affected by the feed mixture 
composition. Therefore, the estimated LDF coefficient is 
dependent on the quality of the equilibrium data and the 
goodness of the isotherm model fitted to the data.

5.3  Qualitative identification of transport 
mechanisms

Like carefully designed gravimetric and volumetric experi-
ments, well-thought-out breakthrough experiments can shed 
light on the transport mechanism of an adsorbate in the pores 
of an adsorbent. This is then followed by a detailed analysis 
for confirmation and transport property estimation to inform 
process design.

Since macropore resistance is inversely related to the 
square of particle size, by conducting breakthrough experi-
ments by varying particle size at the same flow, pressure, 
and feed composition, it is possible to easily distinguish 
between macropore and micropore controlled transport. 
Amanullah et al. measured the breakthrough of a small 
fraction of methyl ethyl ketone in an inert (helium) car-
rier in an activated carbon bed (Amanullah et al. 2000). As 
shown in Fig. 8, a sharper breakthrough response for the 
smaller particle size suggested dominance of macropore 
diffusional resistance. Macropore molecular diffusion con-
trol was confirmed by showing that the ratio of extracted 
mass transfer coefficients was practically equal to the inverse 

(19)
1

k
=

Rp

3kf

(

q∗
in

cin

)

+
R2
p

15�pDp

(

q∗
in

cin

)

+
r2
c

15Dc

.

Fig. 8  Comparison of breakthrough curves for two different particle 
sizes confirming the presence of resistance in the macropores (Aman-
ullah et al. 2000)
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ratio of squares of the particle diameters. In order to confirm 
micropore controlled transport of methane in 5A zeolite, Cen 
and Yang showed that the shape of the breakthrough curve 
was unaffected for two significantly different adsorbent par-
ticle sizes (1587 μm versus 250–420 μm) (Cen and Yang 
1986). Hejazi performed breakthrough experiments of  N2 
on Ag-ETS-10 with crushed and un-crushed particles (Hos-
seinzadeh Hejazi 2017). Since batch experiments revealed 
a fast uptake, the contribution from micropore resistance 
was considered minimal. Further, by carefully using the 
same adsorbent mass and identical flow rates, it was shown 
that the two breakthrough curves were practically identical, 
revealing that macropore diffusion did not contribute to the 
mass transfer resistance either. The results suggested that 
the system was most likely controlled by axial-dispersion.

Breakthrough runs carried out at the same partial pressure 
of the adsorbate gas and same gas velocity, but at different 
total pressures, may offer immediate guidance to what is 
the controlling transport mechanism in the macropores. The 
same partial pressure and velocity are necessary to ensure 
the same residence time for the runs conducted at different 
total pressures. Since molecular diffusivity is inversely pro-
portional to the operating column pressure, an increase in 
mass transfer resistance manifested by an increased spread-
ing of the mass transfer zone with an increase in column 
operating pressure is an indication that the transport mech-
anism is dominated by molecular diffusion. On the other 
hand, if the breakthrough responses obtained at different 
operating column pressures remain unchanged, then it rules 
out molecular diffusion as the dominant transport mecha-
nism. However, it does not immediately confirm Knudsen 
diffusion control because surface diffusion along the physi-
cally adsorbed adsorbate layer on the macropore walls may 
also be present. At constant partial pressure, mass transfer 
resistances due to Knudsen and surface diffusion are unaf-
fected by a change in total pressure. The presence of sur-
face diffusion will reduce the effective mass transfer resist-
ance in the pores. Therefore, further differentiation requires 
simulating the breakthrough response using the established 
equilibrium isotherm model and the LDF mass transfer rate 
constant estimated from the relevant equations for Knudsen 
controlled transport. A reduced spread of the mass trans-
fer front in the experimental breakthrough response (i.e., a 
sharper breakthrough response) compared to the response 
from the simulation will indicate that both Knudsen and sur-
face diffusion are present.

By conducting the aforementioned experiments, Goyal 
et al. showed that transport of  N2 in the pores of the silica gel 
sample they were investigating was not macropore molecular 
diffusion-controlled (Goyal et al. 2019). The breakthrough 
results are shown in Fig. 9. Further analysis confirmed that 
it was completely controlled by Knudsen diffusion. The 
modelling of the breakthrough response required for this 

confirmation is detailed later. Similar results were also 
reported for  CO2 breakthrough. However, from the further 
analysis, the transport of  CO2 was found to be a combination 
of Knudsen and surface diffusion. The  CO2 partial pressure 
range of interest in this study was approximately in the linear 
part of the isotherm. Hence, only limiting surface diffusiv-
ity was reported, and its concentration dependence was not 
investigated. By conducting breakthrough experiments at 
different temperatures, surface diffusivity was further ana-
lysed to determine the activation energy.

5.4  Modelling and simulation of breakthrough 
experiments

So far, we have considered the evaluation of single- and 
multi-component equilibrium information from DCB experi-
ments. It was shown that this requires writing a simple inte-
gral mass balance for a particular component performed 
over the entire breakthrough experiment. It is also shown 
that a qualitative evaluation of the controlling mass trans-
fer mechanisms is possible by merely performing a range 
of experiments as dictated by the features associated with 
the various mass transfer resistances that can be present in 
the adsorbent particle. However, the quantitative estimation 
of kinetic information from DCB experiments requires the 
solution of a set of equations often collectively called “col-
umn dynamics equations”. These equations represent the 
transport of mass and heat across the column, along with 
suitable descriptions of pressure drop and the adsorption 
isotherm. The complexity of the models typically differs in 
the level of detail to which the mass transfer is described. 
The model equations presented here, have been discussed 
in many textbooks and papers in the literature (Casas et al. 

Fig. 9  Experimental breakthrough curves for the identification of the 
transport mechanism of  N2 in silica gel pores (Goyal et al. 2019). In 
these runs, the  N2 partial pressure was maintained at 0.15  bar, and 
the operating pressures were 1.1 and 3 and bar in runs S1 and S2, 
respectively
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2012; Effendy et al. 2017; Farooq and Ruthven 1991; Hagh-
panah et al. 2013; Ruthven 1984). Hence, only the final 
equations are presented here.

The equations provided here are based on the following 
assumptions:

(1) The gas phase is ideal.
(2) The adsorption column is homogenous in terms of 

packing density and porosity. This can be practically 
approached through suitable packing of the column.

(3) An axially-dispersed plug flow model can adequately 
describe the fluid flow. This is typically sufficient, pro-
vided the ratio of the column diameter to the particle 
diameter exceeds 10.

(4) Two types of mass transfer models are used for trans-
port in the adsorbent pores: (i) the linear driving force 
(LDF) model when all the transport processes are 
lumped into a single LDF rate constant and (ii) the 
detailed pore diffusion model where both macropo-
res and micropores are recognized, and concentration 
dependence of the micropore diffusivity is described 
according to the chemical potential gradient as the driv-
ing force for diffusion.

(5) A one-dimensional model is sufficient to describe the 
dynamics. Although lab-scale columns have a finite rate 
of heat transfer through the walls and hence the pos-
sibility of radial gradients, the use of one-dimensional 
models is usually considered sufficient. A detailed 

discussion can be found elsewhere (Casas et al. 2012; 
Farooq and Ruthven 1990).

(6) The adsorbent particle is radially homogenous in terms 
of temperature.

(7) The thermal properties of the adsorbed phase are identi-
cal to that of the gas phase (Walton and LeVan 2005).

(8) Heat transfer is finite at the column wall and can be ade-
quately represented by a one-dimensional heat transfer 
model with film heat transfer coefficients on two sides 
of the wall.

Based on the above assumptions, the equations describ-
ing the column dynamics can be derived. These are pro-
vided in Table 1. The boundary conditions required to solve 
these equations are provided in Table S2 in the Supporting 
Information. Note that the boundary conditions are provided 
assuming that there is no spread in the inlet lines, and the 
concentration perturbation is a perfect step. While negligible 
spread in the inlet line is a reasonable assumption in most 
cases, it can be an issue in weakly adsorbing macropore 
molecular diffusion-controlled systems. In such a case, an 
accurate prediction of the breakthrough response requires 
measuring the actual concentration change at the inlet and 
using that as the inlet boundary condition instead of the 
usual constant inlet boundary condition.

A number of analytical solutions for column dynamics 
models have been proposed in the literature over the years. 
A comprehensive summary of these studies was covered 
by Ruthven (1984). The analytical solutions, while elegant 

Table 1  Constitutive equations for describing breakthrough experiments
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and insightful, are subjected to many simplifying assump-
tions, e.g., isothermal, dilute, and linear equilibrium, which 
is difficult to match for strongly adsorbed systems and bulk 
separation studies. The commonly used semi-infinite bound-
ary condition at the exit is also difficult to justify for break-
through studies with a small quantity of a new adsorbent. 
From these considerations, we limit our discussion to the 
numerical solution of a comprehensive breakthrough model. 
It offers the flexibility to explore a variety of systems over 
a wide range of conditions necessary for a reliable scale-up 
study. We recognize that using a full simulation numerical 
model runs the risk of making it a fitting exercise instead of 
paying attention to the underlying essential physics of the 
process. We also note that using analytical solutions with-
out a full understanding of the conditions for its validity is 
equally risky.

As can be seen from Table 1, the complete non-isother-
mal, non-isobaric model equations are coupled with alge-
braic equations that represent the adsorption equilibrium 
isotherms. Very often, these isotherms are explicit nonlin-
ear equations (e.g., Langmuir isotherm or its multi-process 
version) (Ritter et al. 2011) and occasionally implicit non-
linear equations such as the multi-site Langmuir isotherm 
(Nitta et al. 1984). Hence, solving these equations, while not 
straightforward, can be conveniently performed on modern 
software tools on standard desktop computers. It is worth 
noting that depending on the type of adsorption equilibria, 
sharp fronts (degenerated-forms of discontinuities) can prop-
agate along the column. This requires the use of either a fine 
discretization of space and time domains and/or the use of 
high-resolution numerical techniques. While finite difference 
and finite element techniques have been used, recent devel-
opments in finite-volume techniques have made it possible 
to solve these equations in a robust and rapid manner (Hagh-
panah et al. 2013; Todd et al. 2001; Webley and He 2000). 
Techniques such as orthogonal collocation have been used 
to discretize the particle mass balance together with finite-
volume schemes at the column-level (Effendy et al. 2017).

5.4.1  Estimation and impact of axial dispersion

In single-component batch uptake measurements, a pure 
gas is used, and hence there is no external film resistance. 
In a single component dynamic column breakthrough, the 
adsorbate is mixed with an inert gas (commonly helium) to 
feed the column. External mass transfer resistance and axial 
dispersion are the two additional resistances that distinguish 
a dynamic column breakthrough measurement from batch 
uptake measurement. In general, the contribution of external 
film resistance is considered negligible in gas adsorption 
studies. But axial dispersion must be formally accounted 
for if experimental breakthrough results are analysed to 
extract intra-particle mass transport information. In order 

to study adsorption kinetics, very small particles that tend to 
agglomerate and strongly non-linear isotherms where axial 
dispersion begins to dominate over other resistances should 
be avoided. Away from these extreme limits, available cor-
relations provide good estimates of the axial dispersion coef-
ficient, which are discussed next.

The following correlation for estimating axial dispersion 
in a packed bed was proposed in a comprehensive study by 
Edwards and Richardson (1970):

where Dm is the molecular diffusivity, given by the 
Chapman–Enskog equation for a particular gas mixture, v 
is the interstitial velocity and, dp is the particle diameter. 
In Eq. (20), Pe∞ is the limiting value of the Peclet number, 
which is a function of the adsorbent particle size. Based on 
literature data, Langer et al. have proposed Eq. (21) to cal-
culate Pe∞ with dp in units of cm (Langer et al. 1978). The 
interstitial inlet feed velocity, vin , is used for a priori estimate 
of axial dispersion contribution, but in a numerical simula-
tion, it is possible to use the local velocity to allow varying 
axial dispersion along the column length.

Wicke has proposed the following expression to estimate 
� (Wicke 1973).

After estimating Pe∞ and � , the following expression pro-
posed by Bischoff can give an estimate for � (Bischoff 1969).

Here � accounts for the velocity distribution and is a func-
tion of particle diameter. � values reported by Langer et al. 
at four different particle diameters from 0.056 to 0.225 cm 
are well correlated by Eq. (24):

In the wide range of experimental data from several stud-
ies analysed by Langer et al., any systematic effect of the 
column to particle diameter ratio was not obvious, but it 
should be noted that the minimum column to particle diam-
eter ratio used in these studies was 10.
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vdp
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Pe∞
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5.4.2  Estimation of external film mass transfer and wall 
heat transfer coefficient

The external film mass transfer resistance is commonly 
neglected in gas phase adsorption studies. Nevertheless, the 
following correlation for mass transfer in a packed bed pro-
posed by Wakao and Funazkri, which reconciles differing 
results from a large number of studies, is recommended for 
estimating the film mass transfer resistance between the bulk 
gas and the adsorbent particle surface (Wakao et al. 1979):

where Sh
(

=
kfdp

Dm

)

 is the Sherwood number, Sc
(

=
�

Dm�

)

 is 

the Schmidt number and Rep
(

=
dpu�

�

)

 is the particle-Reyn-
olds number based on particle diameter (dp), and superficial 
velocity (u).

The one-dimensional heat transfer model, used in a non-
isothermal breakthrough simulation to analyze the propaga-
tion of the thermal front at various locations in an adsorption 
column, requires two heat transfer coefficients: one between 
the packed bed and the wall, and the other between the wall 
and outside air or the circulating fluid in the temperature-
controlled bath. The following Sieder–Tate correlation may 
be used for the external heat transfer coefficient (Holman 
and Lloyd 2008).

where Nu =
(

houtdco

k

)

 is the Nusselt number, Pr
(

=
Cp�

k

)

 

is the Prandtl number and Re 
(

=
dcou�

�

)

 is the Reynolds num-
ber based on the column outside diameter. dco is the col-
umn’s outer diameter. The other symbols have their usual 
meanings. Typically, a velocity of 0.5 m/s is used for airflow 
in a confined (laboratory) environment (American Industrial 
Hygiene Association 2003).

The Leva correlation, given by Eq. (27), is commonly 
used for heat transfer between the packed bed and the col-
umn wall (Leva and Grummer 1948).

In the above equation dci is the column inner diameter. It 
is common to estimate the inside heat transfer coefficient, 
hin , by using it as a fitting parameter to match the tempera-
ture curve measured along the column length. Although the 
one-dimensional heat transfer model assumes that the resist-
ance to heat transfer in the radial direction is confined in a 
small gas film at the wall, the radial temperature profile is 
not entirely flat. There is some resistance to heat transfer 
through the adsorbent in the radial direction. Hence, the 
fitted inside heat transfer coefficient includes this effect. It 

(25)Sh = 2.0 + 1.1Sc1∕3Re0.6
p
,

(26)Nu = 0.027Re0.8Pr1∕3,

(27)Nu =
hindci

k
= 0.813e

(

−6
dp

dci

)

Rep
0.9.

also accounts for any thermal resistance between the gas and 
adsorbent if an instantaneous gas–solid thermal equilibrium 
is assumed.

The correlation of Yagi et al., given by Eq. (28), is rec-
ommended in the literature for estimating the effective bed 
thermal conductivity (Kz) of an adsorption column in a non-
isothermal simulation (Farooq and Ruthven 1991; Knox 
et al. 2016; Yagi and Kunii 1957):

where Ko
z
 is the effective bed thermal conductivity at 

Rep = 0, and kg is the gas thermal conductivity. � varied from 
0.7 to 0.8 in the experiments conducted by the authors with 
glass beads, metallic balls, broken pieces of limestone, and 
Raschig rings. Knox et al. (2016) used a value of 0.75 in 
their study on the breakthrough of  CO2 and  H2O in 5A zeo-
lite. Wakao and Kato (1969) obtained numerical solutions 
of combined conduction and radiation heat transfer for 
packed beds filled with a stationary fluid. Their results are 
shown as a chart of K

o
z

kg
 vs.Ks

kg
 in Fig. S7 in the Supporting 

Information. The effective axial thermal conductivity of the 
fluid used in the inlet boundary condition for the column 
energy balance equation follows from the similarity assumed 
between the mechanism of fluid-phase mass and heat trans-
fer 

(

Pe = Peh
)

 (see Table  S2 in the Supporting 
Information).

5.5  Transport mechanism from analysis of LDF 
constant

Only the mass transfer coefficient (either the LDF constant 
or the limiting micropore diffusivity) may be obtained from 
measured breakthrough responses using an independently 
established equilibrium isotherm model. The transport 
mechanism may then be established from further analysis 
of the LDF constant.

By analysing the extracted mass transfer coefficients, 
Malek and Farooq concluded that transport of  C1 to  C4 
hydrocarbons in silica gel was by Knudsen diffusion, and by 
a combination of Knusden and surface diffusion in activated 
carbon (Malek and Farooq 1997). Similar conclusions were 
reached in other laboratories from particle-scale measure-
ments (Doong and Yang 1986; Huang and Fair 1988).

Nobar and Farooq established molecular diffusion-
controlled transport of three gases,  CO2,  CH4, and  N2, in 
Cu-BTC by comparing estimated and extracted mass trans-
fer coefficients from a large number of breakthrough runs 
conducted over a wide range of operating pressures, tem-
peratures and feed mole fractions (Najafi Nobar and Farooq 
2012). The parity plot used for this comparison is shown in 

(28)
Kz

kg
=

Ko
z

kg
+ �

(

PrRep
)

,
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Fig. S8 in the Supplementary Information. Independently 
measured single component adsorption equilibrium data for 
the three gases were fitted to the Langmuir isotherm model, 
and the obtained isotherm parameters were used in a non-
isothermal simulation model to extract the mass transfer 
parameters.

In a study on adsorption and diffusion of oxygen and 
nitrogen in RS-10, a modified 4A zeolite, single-compo-
nent isotherms were independently measured and fitted to 
the Langmuir isotherm model (Farooq et al. 1993). Using 
these isotherm parameters, an isothermal, constant diffusiv-
ity pore diffusion model was fitted to the experimental sin-
gle component breakthrough results in Henry’s law region 
for oxygen and nitrogen to extract the limiting diffusivity 
values. The results are shown in Fig. 10. The limiting dif-
fusivity values obtained gave an excellent prediction of 
the experimentally measured binary breakthroughs in an 
operating regime where the concentration dependence of 
micropore diffusivity was important. The mixture pore dif-
fusion model, including concentration dependence of the 
micropore diffusivity, depends on the accurate prediction of 
the mixture isotherm curvature. Therefore, these results also 
confirm the adequacy of the assumed extended Langmuir 
mixture equilibrium isotherm, in addition to confirming the 
model adopted for transport kinetics. The validated mixture 
breakthrough model was further extended to simulate kineti-
cally controlled PSA nitrogen enrichment from the air that 
matched very well with the laboratory-scale experimental 
process performance.

5.6  Breakthrough used to validate equilibrium 
and kinetics from elsewhere

Dynamic column breakthrough experiments can be used 
for validating independently measured equilibrium and 
kinetics information. It is well known that for many materi-
als, it is challenging to obtain uniform crystal or particle 
morphologies at larger scales. These can arise because of 
inhomogeneity that is due to the use of large equipment for 
manufacturing, improper removal of solvents, variability in 
crystal size, and various other reasons. Hence, relying solely 
on experiments that are carried out with mg-scale samples 
in order to scale-up processes that employ hundreds of kilo-
grams of adsorbents is not advisable. Since most commer-
cial static measurements are specifically designed to han-
dle small samples, DCB experiments lend themselves as a 
method to verify scaled-up performance.

There are possibly two approaches in which breakthrough 
experiments can be used to validate independently measured 
kinetic data. The first one is to compute the second moment 
of the breakthrough curve, which contains information about 
both dispersion and adsorption kinetics and compare it with 
those mass transfer coefficients calculated from independ-
ent measurements. This approach is more common for pulse 
chromatographic measurements in the literature (Haq and 
Ruthven 1986). Although in principle it should be applica-
ble for step perturbation also, there is no readily available 
moment analysis with velocity and temperature changes 
necessary for breakthrough studies more commonly con-
ducted with large concentration step changes. The second 

Fig. 10  Comparison of experimental and theoretical breakthrough 
curves for a oxygen and b nitrogen in molecular sieve RS-10 (Farooq 
et al. 1993). The fits of the pore diffusion model to the breakthroughs 

in Henry’s law region using independently measured equilibrium iso-
therms gave the limiting diffusivity values
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method is to use the models described earlier to compute 
the breakthrough curves using kinetic data from independent 
measurements and check them against the experimentally 
measured breakthrough experiments.

Cen and Yang described the breakthrough of  CH4 and 
 N2 on a bi-dispersed zeolite 5A beads based on the inde-
pendent measurements from literature (Cen and Yang 1986). 
They showed a good match between experiments and the 
calculated breakthrough curves. Brandani et al. measured 
the kinetics of  CO2 in a carbon monolith using a zero-length 
column (ZLC) and also conducted breakthrough experi-
ments using the monolith (Brandani et al. 2004). ZLC is 
a chromatographic experiment where a few pellets of an 
adsorbent are exposed to a change in sorbate composition, 
and the response is measured. The diffusion parameters are 
extracted by analyzing this response. They showed that dif-
fusion parameters measured from the ZLC measurements 
were reasonably consistent with those from the breakthrough 
experiments. The authors concluded that the controlling 
mechanisms were molecular and Knudsen in the macropo-
res with some possible contributions from the micropores.

Grande and Rodrigues measured the kinetics of propane 
and propylene in zeolite 4A using ZLC, constant volume, 
and breakthrough experiments. The pore diffusion constants 
measured from the three methods were in good agreement 
(Grande and Rodrigues 2004). In another study, Grande 
et al. studied the kinetics of propane and propylene on CMS, 
again using the previous three methods (Grande et al. 2003). 
The diffusion parameters calculated from DCB experiments 
and those from ZLC experiments varied by two orders of 
magnitude. Differences in the sizes of the microparticles 
were the suspected cause.

5.7  Breakthrough used to have a quick estimate 
of the LDF constant

Another common way to estimate mass transfer from a 
breakthrough experiment is to perform an experiment and 
fit the spread of the adsorption breakthrough curve to a 
model, such as the linear driving force model. A series of 
these experiments at different flow rates and compositions 
can yield data to span the desired set of process conditions. 
This method is one of the more common ways in which 
breakthrough experiments are used to determine the mass 
transfer rate. Many examples exist in the literature, some 
of which will be detailed in the following paragraphs. This 
method requires prior knowledge of the isotherm and will 
yield inaccurate results if the isotherm fit is poor.

There is a wide variety of modelling approaches in the 
studies using this technique. They range from simple models 
that are analytical to numerical solutions of partial differen-
tial equations that account for mass, momentum, and heat 
transfer. The choice of model will depend on how complex 

a given adsorbent–adsorbate system is. For some of these 
studies, the step change is so small (ppm of adsorbate) that 
very little heat is generated, and therefore the system is prac-
tically isothermal. Others deal with concentrated adsorbate 
systems that generate a significant amount of heat. A few 
examples are described below.

Chauveau et al. used a constant-pattern analytical solu-
tion to estimate LDF coefficients on an activated carbon for 
methyl acetate and vinyl chloride (Chauveau et al. 2013). 
These experiments were performed at concentrations below 
500 ppm. The constant-pattern model, comprising the linear 
driving force rate equation and Langmuir equilibrium iso-
therm, assumes that the breakthrough curve has attained a 
constant shape unaffected by the column length. The mini-
mization of error between the analytical solution and the 
experimental breakthrough was used to fit the LDF coeffi-
cient. In order to analyze the breakthrough of various vola-
tile organic compounds on activated carbon Brosillon et al. 
solved the plug-flow model for fluid flow along with the 
LDF model to describe the solid–fluid mass transfer (Brosil-
lon et al. 2001). The simulation was fitted to the experimen-
tal breakthrough to extract the LDF coefficient. A similar 
procedure was also done by Murillo et al. for phenanthrene 
on an activated carbon (Murillo et al. 2004). Fournel et al. 
used an axially dispersed plug flow model to calculate the 
breakthrough for various volatile organic compounds on 
activated carbon (Fournel et al. 2010). Saleman et al. per-
formed a similar analysis for  CH4 and  N2 on  H+-mordenite 
(Saleman et al. 2013). In this study, the energy balance was 
also considered to account for the large heat effect arising 
from much larger quantities of adsorbate and an operating 
pressure of approximately 900 kPa. The authors were able 
to obtain a satisfactory match of the composition and ther-
mal breakthrough curves. Their model accounted for three 
transport mechanisms in the column, such as in Eq. (19). 
The minimization of error between the simulation and the 
experimental breakthrough was used to fit the LDF coef-
ficient. Many studies have used this framework to estimate 
the LDF coefficient. Hwang et al. measured the mass transfer 
resistance of  CO2 and CO on an activated carbon (Hwang 
and Lee 1994). Casas et al. found the LDF coefficients for  H2 
and  CO2 on an activated carbon and a hybrid MOF, UiO-67/
MCM-41, for pre-combustion carbon capture at high pres-
sure (Casas et al. 2013, 2012). Wu et al. performed this anal-
ysis for  O2 and  N2 on LiLSX for a PSA air separation pro-
cess (Wu et al. 2016). Wilkins et al., Son et al., and Ribeiro 
et al. used the same approach to study  H2O on zeolite 13X 
at ambient conditions (Ribeiro et al. 2008; Son et al. 2019; 
Wilkins et al. 2020). Clearly, the method of fitting a column 
dynamics model to measured breakthrough responses have 
been widely used to estimate the LDF coefficient for a vari-
ety of different adsorbate–adsorbent systems from very small 
to large concentration step changes.
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To estimate the LDF coefficient from a particular break-
through curve, the following recommendations are made. 
First, it is advisable to perform the experiment as closely as 
isothermal as possible, or heat effects must be considered in 
the model. It should be noted that any significant departure 
from isothermal conditions will influence the breakthrough 
curve in addition to the spread caused by mass transfer. Sec-
ond, an independent check, based on the recommendations 
made earlier, should be made to confirm that the right form 
of the equilibrium relationship is used in the simulations. 
Finally, when attempting to describe the mass transfer coef-
ficient, if a non-isothermal model is to be used, there are 
two possible approaches to obtain the LDF coefficient. A 
simple approach is to estimate the heat transfer coefficients 
from the correlations provided earlier or from independent 
measurements (Kim et al. 2017), and minimize the objective 
function defined by Eq. (29a):

A more elaborate approach is to simultaneously optimize 
the LDF coefficient along with the inside and outside heat 
transfer coefficients by minimizing the objective function 
defined by Eq. (29b):

Studies that have considered the second approach, report 
that the fitted values of the heat transfer coefficient indeed 
lie in the neighborhood of the values provided by the cor-
relations (Casas et al. 2013; Hefti et al. 2015).

5.7.1  LDF versus pore diffusion models

It is commonly assumed that the breakthrough dynamics 
obtained using the linear driving force approximation, with 
the LDF coefficient estimated by Eq. (30) known as the 
Glueckauf approximation, is practically indistinguishable 
from that obtained using the full pore diffusion model with 
constant diffusivity, D (Glueckauf and Coates 1947).

Equation (18) derived by Haynes and Sarma (1973) is 
an important extension of the Glueckauf approximation for 
systems in which more than one mass transfer resistance is 
significant.

The modeling of transport through a barrier resistance 
confined at the micropore mouth is mathematically 
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equivalent to the linear driving force (LDF) model (Kärger 
et al. 2012). The wide success of the Glueckauf approxima-
tion in column dynamics calculations has given rise to a 
misconception that the details of the transport mechanism 
in a micropore controlled adsorbent are not captured in the 
breakthrough response from a column. However, by compar-
ing the pore diffusion and LDF models for a dynamic col-
umn response for a linear isotherm, it has been shown that 
the extent of agreement between the two models depends on 
the product of the two parameters, �

[

=
(1−�p)Kc

�p

]

 and 

�

[

=
DcL

r2
c
vin

]

 (Farooq et al. 2002). By an appropriate choice of 
operating conditions, it is indeed possible to clearly distin-
guish between the two mechanisms. Figure 11 gives the 
range of �� in which the pore and LDF models diverge 
(shown as E). The proposed criterion was verified experi-
mentally for the breakthrough of oxygen and nitrogen in a 
4A zeolite and two carbon molecular sieve samples.

5.7.2  Rapid validation of mixture equilibrium and kinetics 
for process calculations

We observe that there is a trend in the literature to use 
independently measured single component equilibrium iso-
therms for the components in a mixture using gravimetry or 
volumetry, and then use them to extract mass transfer rates 
from breakthrough experiments, and form some idea about 
the mass transfer mechanism. Although limited in number, 
detailed binary mixture equilibrium data from breakthrough 
studies are also reported. A process model requires a mix-
ture equilibrium description and some framework to extend 
a single component transport mechanism to mixture trans-
port. Instead of postulating models for mixture equilibrium 
and kinetics based on single-component studies without 
any validation, at least some validation on a limited scale is 
desirable. It is possible to use mixture breakthrough experi-
ments to fill that gap. As a case study, we present results for 

Fig. 11  Effect of �� on E, the measure of the difference between the 
pore and LDF models (Farooq et al. 2002)
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the binary breakthrough of  CH4:N2 and  CO2:N2 mixtures 
in Cu-BTC in Fig. 12. The Langmuir isotherm model and 
macropore molecular diffusion-controlled transport mecha-
nisms for each of these gases in Cu-BTC were discussed 
in a previous section. The model predictions in Fig. 12 are 
for the extended Langmuir model using single component 
parameters and for the single component transport mecha-
nism adjusted for mixture equilibrium.

6  Cautionary notes for the use 
of breakthrough data for process 
evaluation

There are several breakthrough studies, especially with MOF 
materials, where selectivity, as demonstrated by the time lag 
between the breakthrough of the light and the heavy compo-
nents, is used to claim process success. Although selectivity 
is an important metric for the purity-recovery performance 
of an adsorption process (like other separation processes), 
there is no direct relationship between selectivity and pro-
cessing cost and plant footprint in an adsorption separation 
process (Khurana and Farooq 2016; Leperi et al. 2019; Park 
et al. 2020; Rajagopalan et al. 2016). These latter considera-
tions may not be critical for small scale niche applications. 
However, these are key considerations for carbon capture 
and concentration (CCC) from dilute industrial flue gases 

or from air capture where the required processing volume 
is a few orders of magnitude higher than that of the larg-
est known chemical plant. In summary, while breakthrough 
studies should be viewed as an important step towards pro-
cess evaluation, they should not be used to make estimates of 
process performance without the use of appropriate process 
simulations and/or experimentation.

An economical solution to the unprecedented challenge 
of CCC requires high capacity adsorbents with negligible 
mass transfer resistance and contacting devices to allow high 
throughput at a minimum pressure drop. These represent 
orthogonally opposite demands in the context of current 
practices based on the packed bed technology. The level 
of adsorbent particle size required to reduce mass transfer 
resistance in high capacity adsorbents will exponentially 
increase the pressure drop at high throughput in a packed 
bed. Hence, alternative contacting devices such as parallel 
passage contactors made of thin laminates of stacked adsor-
bent sheets with small channels in between the sheets or 
extruded structured adsorbents have been explored (Ahn and 
Brandani 2005; Couck et al. 2017; Rezaei and Webley 2010; 
Ruthven and Thaeron 1997). Parallel passage contactors are 
known to significantly reduce pressure drop compared to a 
packed bed at comparable bulk density. The characteristic 
dimension that controls the mass transfer rate in laminates 
is its thickness. The challenge is to make very thin laminates 
that are large enough and have sufficient strength to meet 

Fig. 12  Comparison of an 
experiment and simulation 
model prediction for a and b 
breakthrough of a 30:70  CO2:N2 
mixture in a Cu-BTC bed 
saturated with  N2 at 23 °C and 
2 bar; c and d breakthrough of 
a 70:30  CH4:N2 mixture in a 
bed saturated with  N2 at 23 °C 
and 2 bar. Data reported from 
the work of Nafaji Nobar and 
Farooq (2012) 0
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industrial-scale process demands. Mass balance equations 
for dynamic column breakthrough developed in this paper 
are valid for breakthrough runs in these advanced contact-
ing devices. The breakthrough simulation model will also 
be applicable with the LDF constant appropriately modified 
for the relevant geometry, the Ergun equation replaced with 
the pressure drop equation in a parallel passage contactor, 
and the inlet velocity distributions appropriately captured 
(Farooq et al. 1998; Sharma et al. 2020). While some pre-
liminary studies mentioned here have successfully imple-
mented these modifications, more investigations are required 
to make impactful contributions.

7  Conclusions

The design of an experimental rig, its critical features and 
systematic operating procedures to conduct good break-
through experiments have been presented. An appropriate 
presentation of breakthrough data and correction methods 
for the measured data and their analyses were discussed. 
Breakthrough experiments conducted and analyzed follow-
ing the recommendations can give reliable single component 
and mixture equilibrium data. Equilibrium data obtained 
from adsorption and desorption runs (for a reversible physi-
cal adsorption system that does not show hysteresis) are 
reproducible. For a binary mixture with a large difference in 
selectivity, it is recommended to obtain the equilibrium data 
for the heavy component from an adsorption breakthrough 
and the light component equilibrium data from a desorption 
breakthrough following an adsorption breakthrough experi-
ment. The recommendation for the intermediate components 
in a multi-component mixture is similar to that for the light 
component.

Procedures to investigate the transport mechanism of 
an adsorbate in adsorbent pores and determine the relevant 
mass transfer parameter(s) are illustrated. In such break-
through experiments, the preference should be to minimize 
heat effects, failing which an appropriate non-isothermal 
model should be used to extract the mass transfer rate 
parameter. Extracting a lumped LDF coefficient without 
attempting any further analysis to examine the intrinsic 
transport mechanism seems to the overwhelming general 
trend. Understanding the transport mechanism is important 
to reliably extend the extracted mass transfer information 
to other operating conditions and feed compositions; this 
should be routinely studied going forward. Especially with 
the explosion of research activities in the material synthe-
sis domain, the number of adsorbents has increased rapidly, 
and reproducing results is becoming a challenge (Han et al. 
2019). Standardizing data presentation and analysis provides 
an opportunity to improve reliability and reproducibility.

Summarizing, the dynamic column breakthrough method 
is a useful tool to characterize the equilibrium and trans-
port of adsorbates in adsorbents under process conditions. 
However, we should be mindful that a breakthrough experi-
ment does not directly shed light on the potential separation 
performance of the adsorbate–adsorbent system. Suitable 
process studies should be performed after breakthrough 
experiments to arrive at such decisions.
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