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This study shows that for a reliable evaluation of porous adsorbents for carbon capture based on the fixed bed adsorp-
tion analysis, one must consider the effect of velocity variation due to adsorption to make a fair judgment on predicting
the performance of materials under flow conditions. A combined experimental and numerical study of CO2/N2 adsorp-
tion in fixed beds using three forms of adsorbents of amorphous powder (bulk activated carbon, AC), crystalline powder
(bulk CuBTC metal-organic framework, MOF) and crystalline pellets (pelleted CuBTC) was carried out to show the
effect of velocity variation on CO2 breakthrough curves. Significant deviations are observed in the estimated amount
adsorbed calculated from fixed bed experiments when models used for interpretation the measured data consider con-
stant gas velocity because the stoichiometric time is underestimated. We show that the difference in breakthrough times
estimated in models that consider constant and variable gas velocity grows exponentially with the feed gas concentra-
tion. VC 2018 The Authors AIChE Journal published by Wiley Periodicals, Inc. on behalf of American Institute of Chem-

ical Engineers AIChE J, 64: 2189–2197, 2018
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Introduction

Annually, worldwide carbon dioxide (CO2) emissions, which
are related with the energy sectors, increase at a rate of ca.
2.1%.1 This imposes a significant concern over the effort to
combat the global warming. Various solutions have been pro-
posed to achieve the goal of CO2 abatement, such as the devel-
opment of sustainable energy from renewable sources (e.g.,
biomass and solar) and carbon capture.2,3 CO2 capture, espe-
cially for the postcapture technology, is a very promising option
as it can be easily integrated with the current industry’s infra-
structure, providing an immediate solution to emissions control.

The current and most widely used method for CO2 capture
is amine-based absorption, which suffers from intensive
energy requirements for the solvent regeneration and equip-
ment corrosion problems.4 Adsorption-based separation pro-
cesses using porous solids are attractive alternatives due to
their lower energy regeneration requirements compared to

amine-based absorption processes. For example, in adsorption

process, the heating of large amounts of water is not required

during the regeneration step reducing the energy require-

ments.5 Pressure swing adsorption (PSA) and temperature

swing adsorption (TSA) have both been evaluated as feasible

for large-scale CO2 capture.6–10 Choosing the appropriate

adsorbent with high CO2 selectivity, adsorption capacity, good

regenerability and stability under process operating conditions,

is an important factor for meeting the requirement of CO2 sep-

aration for any adsorption process.11

The evaluation of the appropriateness of an adsorption pro-

cess and the associated adsorbent is usually conducted experi-

mentally complemented by mathematical modeling, to yield

results that inform the design and optimization of processes.

Models are useful tools to understand a process and explore

wider operations windows than what is feasible to do experi-

mentally, saving time and cost for process development and

optimization. Numerical simulations require a precise analysis

of the system, with careful attention to appropriate boundary

conditions and assumptions contained in the model.
Mathematical models are widely used for the understanding

the dynamic behavior of fixed bed column as well as the opti-

mization of processes. They are commonly used to (i) explore

the adsorption kinetics; (ii) understand the transport phenom-

ena; (iii) estimate species distribution and temperature profiles

along the fixed bed; and (iv) study the effect of process param-

eters (e.g., bed length, adsorption temperature, total gas flow
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rate, and concentration of gases in the feed) on the perfor-

mance of the bed, as shown in Table 1. They can be used to

assess the temperature profile and breakthrough curves for a

target gas in a mixture. Assumptions often considered include

isothermal operation, negligible pressure drop and mass trans-

fer effects, and constant velocity. The choice of specific

assumptions mainly depends on the computational effort

needed to solve the problem and the accuracy of simulated

results. Nevertheless, the validity of these assumptions needs

to be considered carefully. A common assumption, valid for

trace adsorption or systems with negligible pressure drop, is

that of constant velocity across the bed,21,22 but its validity is

questionable for separation processes where the concentration

of the adsorbable component is significant or when pressure

drop is not negligible. The assumption of constant velocity

may result in the incorrect estimation of the propagation

velocity and breakthrough curves. Zwiebel22 showed that con-

sidering velocity variations due to pressure drop improves the

agreement with experimental data by 5–10%, especially in the

tail end of the breakthrough curves. Nevertheless, models

assuming constant velocity have been used to describe CO2

separation from mixtures (15–25% CO2 in CO2/N2 mixtures),

Table 1. Overview of Selected Modeling Studies of Carbon Dioxide Separation from Gas Mixtures Using Fixed Beds

Reference Assumptions Comments

12 - Bilinear driving force (bi-LDF)
approximation for diffusion in
micro and macro pores

- Variable velocity
- Appreciation of mass, energy

and momentum balances

- Layered zeolite (0.8 mm)/carbon molecular sieve 3K (0.9 mm)
- CO2/CH4/N2 mixture (20% CO2, 20% CH4, 2.5 bar)
- Effect of the ratio of adsorbent layers on the purification of methane from N2 and CO2

and continuous separation of CO2 from N2 was studied

13 - bi-LDF
- Variable velocity
- Appreciation of mass, energy

and momentum balances

- Activated carbon (AC, 1.17 mm)/zeolite (0.85 mm), staged column with 0.5 m AC bed
and 0.5 m zeolite bed

- CO2/H2/N2/CH4/CO mixtures (7 bar)
- Effect of the dual bed configuration on the process efficiency (e.g., purity) was studies

14 - Local equilibrium (LE)
assumption

- Isothermal condition
- Negligible pressure drop
- Variable velocity

- MOF-74, 177, NaX, CuBTTri, BeBTB, CoBDP
- CO2/CH4/H2 (20% CO2, 0–60 bar)
- Evaluation of MOFs and zeolite for gas adsorption in fixed bed
- The effect of breakthrough time on the selectivity and working adsorption capacity was

determined
15 - Linear driving force approxi-

mation (LDF)
- Nonadsorbable N2

- Variable velocity

- Zeolite 13X pellets (1.03 mm)
- CO2/N2 mixture (10% CO2, 4–6.5 bar)
- Breakthrough and heat effect of gas mixture were studied at various feed flow rates

16 - LDF
- Variable velocity
- Appreciation of mass, energy

and momentum balances

- Zeolite 13X particles (1.6–2.6 mm)
- CO2/N2 mixture (20–60% CO2, 1 bar)
- Empirical model combines linear and quadratic driving force was proposed
- Heat-transfer and mass-transfer coefficients, breakthrough curves, temperature profile and

mole fraction of CO2 along bed were simulated
17 - LDF

- Variable velocity
- Appreciation of mass, energy

and momentum balances

- CuBTC MOF pellets (13 mm)
- CO2/CH4/N2 (10 and 24% CO2, 2–8 bar)
- Effect of temperature on the equilibrium selectivity was studied
- Mass-transfer mechanism (molecular diffusion and external film resistance) was

discussed.
- Breakthrough curves for all gases with temperature profiles along the column were

determined
18 - LDF

- Variable velocity
- Appreciation of mass, energy

and momentum balances

- CuBTC MOF (1.5 mm)
- CO2/H2/CH4/CO/N2 mixtures (18–28% CO2, 2 bar)
- 14 cycles of PSA adsorption and desorption were performed to study the performance of

the adsorbent
- Breakthrough curves for all gases with temperature profiles along the column were

determined
4 - Isothermal condition

- LE assumption
- Constant velocity

- Cr-MIL-101
- CO2/N2 (10% CO2)
- The effect of flue gas contamination (H2O, NO, and SO2) on CO2 adsorption capacity

was studied
- Flue gas contamination was found to have minimal impact on CO2 adsorption capacity

19 - Isothermal condition
- LDF
- Variable velocity
- Negligible pressure drop

- Zr-based MOFs, zeolite 5A (0.85 mm) and Calgon PCB (1.17 mm)
- CO2/H2/CH4/CO/N2 mixtures (16% CO2, 7 bar)
- Layered bed of AC and MOF was studied
- Micropores/macropores ratio was compared to determine the dominating resistance

20 - Isothermal condition
- Negligible pressure drop
- Constant velocity
- Nonadsorbable N2

- Negligible effect of external
mass transfer

- AC and modified-AC (dp 5 0.65 mm)
- CO2/N2 mixture (15% CO2, 1 bar)
- Comparison of the breakthrough curves
- Different kinetic models were compared and the effect of temperature and flow rate on

the breakthrough profile was studied

1 - Isothermal condition
- LDF
- Constant velocity
- Nonadsorbable N2

- K based sorbent (K2CO3/MgO/Al2O3, 0.25–0.4 mm)
- CO2/N2/H2O mixtures (15% CO2, 10% H2O, 0–3 bar)
- Several equilibrium models were compared
- Influence of mass transfer steps on predicted breakthrough curves was discussed
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with <2–9.5% differences20,23 compared to the experimentally
measured breakthrough curves. These deviations have been
attributed to errors associated with the experimental procedure
or model parameters estimation. From an objective point of
view, the difference between the model and the measured data
also likely arose from the model limitations such as the vari-
able velocity effect during the adsorption, which was
neglected in the assumption of constant propagation velocity.

Interpretation of experimental data and predictions from

modelling adsorption columns may be affected by the assump-
tions made in the selected models. Considering that the desired
purity of CO2 (yCO2;e) to be transported or sequestered needs to

be more than 95%,24 the variation of propagation velocity across
the fixed bed column deserves a thorough investigation to under-
stand the criteria of setting appropriate velocity assumptions for

different scenarios. In this study, the effect of propagation
velocity on the breakthrough curves was studied both experi-
mentally and numerically using a wide range of CO2 compo-

sition in CO2/N2 mixture (0.5–80%). Fixed bed adsorption
experiments were carried out using materials with different
properties and working capacities, that is, bulk activated car-

bon (AC), bulk CuBTC (BTC 5 benzene-1,3,5-tricarboxy-
late) and pelleted CuBTC, to show the effect of velocity

variation caused by different adsorbents. Crystalline CuBTC
MOF was selected in this work because it is a well-studied
MOF with good thermal stability (up to 3108C)25 and avail-

able commercially at scale.26 CO2 adsorption on the econom-
ical amorphous AC was used as the benchmark case to
demonstrate the ability of using MOFs for practical CO2

capture.

Materials and Experimental Method

Materials and characterization

Activated carbon (bulk AC, ca. 150 lm) and glass beads
(212–300 lm) were purchased from Sigma Aldrich. Bulk (100–

200 lm) and pelleted (1 mm diameter and ca. 8 mm length)
CuBTC MOFs were obtained from MOF Technologies Ltd. All
materials were used as received without further purification.

Several characterization techniques were used to assess the prop-
erties of AC and CuBTC including powder x-ray diffraction

(PXRD) and nitrogen (N2) adsorption at 21968C and gravimet-
ric adsorption analysis using pure CO2 and N2 at 508C using the
Intelligent Gravimetric Analyser (IGA). Details of the analytical
apparatus and procedure can be found elsewhere.25

Fixed bed adsorption experiments and breakthrough
measurements

The adsorption experiments and breakthrough curves were
measured using the experimental rig shown in Figure 1a. The
adsorption system was composed of a single fixed bed column,
mass flow controllers, and a microgas chromatography (GC). To
avoid the flow maldistribution caused by the bed settling,27 the
fixed bed column was positioned vertically with the feed gas
flowing downward through the bed. The feed gas flow rates
(CO2, N2, and helium) were controlled by mass flow controllers
(Alicat scientific MC-series, 6 5% accuracy). The relative CO2

feed composition was regulated by varying the flow rate of CO2

and N2. The flow rate of CO2 was always kept at the lowest
allowable value (5 cm3/min) to avoid the fast saturation of
adsorption bed by CO2 and the collection of quality experimen-
tal data points.

The bed outlet stream was diluted with helium (He,
475 cm3/min) before it was directed in to the micro GC (Agi-
lent technologies 490 Micro GC) with a PoraPlot U (PPU) col-
umn and a thermal conductivity detector (TCD) for in-line
analysis of outlet gases. The fixed bed column and the inlet
piping were placed inside an oven (Memmert) to ensure the
system was isothermal for the adsorption experiments. All
experiments were carried out at a constant temperature of
508C, simulating the emission temperature of flue gases,25 and
the packed materials were first activated overnight at 2008C
under vacuum. Then, they were activated in situ at 1008C
under He (500 cm3/min) for two hours prior to the adsorption
measurements. The pressure drop across the fixed bed was
measured using a differential pressure meter (Kane 3200), as
well as determined using the pressure reading from the mass
flow controllers at inlet and outlet of the fixed bed column.
Under the conditions used in this study, the pressure drop was
found to be directly proportional to the overall flow rate with a
maximum value of about 4 mbar/m (Supporting Information
Figure S3a). For each experiment, fresh adsorbents were

Figure 1. (a) Schematic diagram of the fixed bed adsorption system used in this work; (b) Details of the packed
bed.
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always used and materials were cleaned offsite at 2008C under
vacuum prior to their packing in the column.

The adsorbent (13–15 g, no dilution) was packed in a stain-
less steel column (total length 5 13 cm, internal
diameter 5 2.18 cm). In this work, the ratio of bed diameter to
particle diameter (D/d) were estimated as >140 for bulk AC
and CuBTC. Where for CuBTC pellets, the ratio of D/d was
about 22. These ratios are sufficient to avoid problems of
channeling and radial dispersion.27,28 A ratio of D/d >100
necessary to promote intermixing of flow streams near wall
and central region27 is only achieved for the columns contain-
ing bulk AC and bulk CuBTC MOF. The properties of the
fixed bed column are given in Table 2.

The configuration of the column is shown in Figure 1b, inert
layers of glass beads were used to support the adsorbent bed in
the column and they were separated from the adsorbent bed
with fine meshes to prevent the mixing of glass beads with the
adsorbent.27 The inert regions facilitate the flow distribution
as well as act as the ballast to prevent the movement of
adsorbents, and hence their attrition. The inert glass beads
were bigger than the size of adsorbent particles (212–300 lm)
to avoid pressure drop.27 Glass wool layers were placed at the
inlet and outlet of the column to prevent the possible migration
of the ballast through the inlet and outlet tubes. The bed void
fraction was determined using the correlation chart presented
in the reference,29 where the void fraction was given as a func-
tion of the ratio of particle to tube diameter depending on the
morphology of particles. A flow rate range of 10–100 cm3/min
was used in this work. Prior to the experiments, blank experi-
ments were performed using a bed consisting of non-CO2

adsorbing glass beads to estimate the gas-solid contact time,
which is< 2 min (Supporting Information Figure S3b).

Theoretical aspects

A general mathematical model that describes the dynamics
of CO2 adsorption in the fixed bed assuming: (i) ideal gas, (ii)
isothermal condition across the bed, (iii) negligible N2 adsorp-
tion compared to CO2, and (iv) negligible radial and axial dis-
persion is shown in Eqs. 1–3.21

Component mass balance

E
@Ci

@t
1
@ uCið Þ
@z

1 12Eð Þqg

@qi

@t
50 (1)

Ergun equation for computing the pressure drop across the bed

2
@P

@z
5150

lg 12Eð Þ2

E3d2
u11:75

12Eð Þ
E3d

qgu2 (2)

The concentration of specific component in the mixture (Ci) is
given by

Ci5
yiP

RT
(3)

The rate of adsorption can be described using different approx-

imations: the local equilibrium (LE) assumption (Eq. 4) con-

siders the negligible mass transfer resistance through the

adsorbent particles, and the linear driving force (LDF) model

(Eq. 5) assumes that the adsorption rate is proportional to a

linear gradient between the average amount adsorbed in the

particle, and the amount adsorbed at the surface of the particle

(in equilibrium with the bulk concentration)

@qi

@t
5
@q�i
@t

(4)

@�qi

@t
5ki q�i 2�qi

� �
(5)

where ki is the overall resistance to mass transfer, q�i is the

adsorbed amount at equilibrium given by the adsorption iso-

therm q�i 5f C;Tð Þ, and �qi is the average adsorbed amount.
Assuming constant velocity throughout the bed, Eq. 1 is

simplified to

E
@Ci
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1u
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@z
1 12Eð Þqg

@qi

@t
50 (6)

Nevertheless, this assumption is only valid for trace amounts

adsorbed. When the adsorbate concentration is high in the

feed gas, the velocity of the gas will change as gas molecules

are adsorbed on the adsorbent. In this case, if the column oper-

ates at constant feed pressure, the overall mass balance shown

in Eq. 6 is given by

C
@u
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@qi
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Combining Eq. 1 with Eq. 7, and assuming that only one com-

ponent is adsorbed, the behavior of the column is described by

E
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@t
1u

@Ci

@z
2yi 12Eð Þqg

Xn

i51

@qi

@t
1 12Eð Þqg

@qi

@t
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The boundary conditions for an unused bed are: t 5 0, P 5 P0,

Ci (z, 0) 5 qi (z, 0) 5 0. The model was coded numerically in

MATLAB 8.3 (R2014a). Individual component and overall

material balances were converted from the partial differential

equation (PDE) into sets of ordinary differential equations

(ODEs) by the discretization of the derivative term with respect

to length of the bed. The resulting ODE system, which was sub-

jected to initial boundary conditions of the breakthrough pro-

cess, was integrated with respect to time using MATLAB

ODE15s solver. The integration was performed with dividing

the bed into 40 equal length segments (z) with 1 s time step.
An analytical solution developed by Bohart and Adams

(denoted as B-A model, Eq. 9)30 was used in this work to vali-

date the implementation of the model with constant velocity

and LDF assumptions. The breakthrough curve in the B-A

model is given by

C

C0

5
exp k0C0 t2 L

u

� �� �
exp k0C0 t2 L

u
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1exp k0qsL

u
12E

E
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21

(9)

The expression in Eq. 9 can be simplified when t � L/u as

proposed by Cooney31

C

C0

5
1

11exp k0 qs 12Eð Þ L
u 2C0t

� �� � (10)

Table 2. Properties of Fixed Bed Column and Input

Parameters

Column length 13 cm
Bed length (L) 9 cm
Bed diameter (D) 2.18 cm
Temperature (T) 508C
Inlet pressure (P0) 1–1.5 bar
Void fraction (E) 0.31 for bulk AC and CuBTC MOF

0.56 for CuBTC MOF pellets
Particle diameter (d) 0.15 mm for AC

0.10 mm for bulk CuBTC
1.0 mm for pelleted CuBTC

Total flow rate (F) 10–100 cm3/min
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Equation 10 was linearized considering [ln(C0/C 2 1)]/
C0 as a function of time (t) to obtain k0 from the experimen-
tal data.32

Results and Discussion

Model validation and parametric study

The effects of constant and variable velocity assumptions
on calculated breakthrough curves were studied for an acti-
vated carbon column where the total pressure was 1 bar. The
system was assumed to behave as an ideal gas, with a gas vis-
cosity of 16.13 3 1026 Pa.s at 1 bar.33 The Langmuir isotherm
was used to fit the experimental data of CO2 adsorption on acti-
vated carbon, with parameters given in the Supporting Infor-
mation. The rate constants for the B-A model were obtained
from experimentally measured breakthrough curves (see Sup-
porting Information). The B-A model assumes constant fluid
velocity through the bed,32 and it was found previously to be
capable of predicting the breakthrough behavior of solid
adsorbents for CO2 separation for the purpose of scaling up.34

We found that there is a significant difference between the
breakthrough curves when velocity is considered constant or
variable for both rate of adsorption models: LE and LDF when
a CO2 feed gas concentration of 50% is considered (Figure 2).
Figure 2a shows the results for the LE model where the time at
which C/C0 5 0.5 (that we refer to as tb50) in the curves for con-
stant velocity coincides with the B-A model (Supporting Infor-
mation Table S1). Figure 2b shows that the numerical solution
using the LDF model agrees with the B-A model, validating the
implementation of equations to describe the column dynamics.

The breakthrough curves assuming the local equilibrium
approximation (Figure 2a) are significantly sharper than those
obtained with the LDF approximation (Figure 2b). Neverthe-
less, in both cases a noticeable shift is observed when consider-
ing constant or variable velocity. Experimental data can be well
represented assuming the LDF model and variable velocity.

Both models for rate of adsorption show that the break-
through time for the variable velocity model is significantly
smaller than for the constant velocity model, despite using the
same adsorption isotherm model in both cases. This differ-
ence in tb50 decreases with an increase of the flow rate, but
the ratio of tb50 between both models is always within 15–
17%. Using a simple integration of the breakthrough curve

and the feed flow rate to estimate the total amount adsorbed

at equilibrium would suggest different equilibrium amounts

adsorbed based on the chosen model, with a lower total

amount adsorbed in the variable velocity model than in the

constant velocity model.
The effect of adsorbable gas (CO2) inlet concentration on the

breakthrough curves was studied by changing the N2 flow rate

based on a constant CO2 flow rate (5 cm3/min). Results for

experiments performed using three adsorbents of bulk AC, bulk

CuBTC and pelleted CuBTC MOFs are presented in Figure 3.

A decrease in the concentration of CO2 in the feed reduced the

deviation between calculated constant and variable velocity

breakthrough curves (both using the LDF model). It was

expected because a lower concentration in the feed uptakes

would move the system closer to the idealized constant velocity

case that is valid only for trace adsorption. A parametric study in

Figure 4 shows that the variable and constant velocity models

converge at very low concentrations, supporting the statements

above. It was found that the discrepancy between the two mod-

els increased exponentially with the increasing CO2 composition

in the feed stream, as shown in Figure 4b.
Experimental results for bulk AC and pelleted CuBTC MOF,

and bulk CuBTC MOF were well described by the variable

velocity LDF model (Figure 3d). Nevertheless, the break-

through curve of CO2 on bulk CuBTC MOF when the gas feed

concentration was 50% showed some significant deviations

from the model at long times. It is possible that heat effects due

to the high heat of adsorption of CO2 on CuBTC MOF played a

more important role when the adsorbent is a powder.17 The

measured equilibrium adsorption isotherms for CO2 on CuBTC

MOF powder and pellets are practically identical (Supporting

Information Figure S2). The tb50 for CO2 on CuBTC MOF pow-

der is 23 min, whereas for CO2 on CuBTC pellets is 14 min,

suggesting that mass transfer resistances are more important in

the pellet form, and probably allowing more time for heat trans-

fer and enabling the system to be isothermal. As the CO2 con-

centration decreases, heat effects decrease, as expected.

Parametric study: calculation of CO2 adsorption

isotherms

In the fixed bed adsorption studies, the usable capacity of the

solid adsorbent is usually determined from the breakthrough

Figure 2. (a) Comparison of modelled breakthrough curves based on the local equilibrium theory, considering con-
stant (solid line) or variable (dashed line) velocity at different flow rates. Solid symbols represent experi-
mental data for adsorption of CO2 on AC and open symbols represent the B-A model; (b) Comparison of
modeled breakthrough curves based on the LDF theory, considering constant (solid line) or variable
(dashed line) velocity at different flow rates. Solid symbols represent experimental data and open sym-
bols represent the B-A mode.

[Color figure can be viewed at wileyonlinelibrary.com]
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experiments by applying mass balance to the bed, as illustrated
in Eq. 11

qCO2
5

yCO2
F0C0tb

W
(11)

where qCO2
is the quantity of CO2 adsorbed per unit mass of

adsorbents, yi: is the CO2 mole fraction in the feed, F0, and C0

are the initial total flow rate and initial total concentration, W
is the mass of adsorbent and tb is the breakthrough time.

The amount adsorbed at equilibrium is defined as

q�CO2
5

1

W

ð1

0

EAu0C02EAueCeð Þdt (12)

where A is the bed cross sectional area, E is the bed porosity,
C0 and Ce are the initial feed and effluent concentrations, and
u0 and ue are the feed and effluent velocities. Assuming con-
stant velocity and knowing that the volumetric flow rate
F 5 Au, and concentration Ci 5 Cyi, then the amount adsorbed
at equilibrium can be written as

Figure 3. Breakthrough curves at different feed CO2 concentrations (CO2 5 5 cm3/min) (a) bulk AC; (b) bulk CuBTC
MOF; and (c) pelleted CuBTC MOF, Solid circles represent experimental data, solid lines are the model
with constant velocity assumption, and dash line are the model with variable velocity assumption; (d)
deviation of tb50 between the experimental data, constant (solid) and variable (dashed) velocity models.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. Parametric study of the effect of CO2 feed concentration on the breakthrough curves considering con-
stant and variable velocities (total flow 5 10 cm3/min, total inlet pressure 5 1 bar, T 5 508C).

(a) Simulated breakthrough curves by the numerical models with different velocity assumptions, solid lines (—): Numerical model

with constant velocity assumption, dash line (- -): Numerical model with variable velocity assumption. (b) Deviations of tb50

between simulated results of numerical modes with different velocity assumptions. [Color figure can be viewed at wileyonlineli-

brary.com]
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q�CO2
5

F0C0

W

ð1

0

12
yi;e

yi;0

� �
dt (13)

A useful quantity to use based on Eq. 13 is the stoichiometric
time ts, which is given by

ts5

ð1

0

12
yi;e

yi;0

� �
dt (14)

Then the equilibrium amount adsorbed is calculated using by
applying mass balance to the bed, Eq. 11.

However, Malek et al.35 reported that due to the significant
velocity difference between the inlet and exit of the column in
nontrace systems, Eq. 14 may lead to incorrect estimations of
the equilibrium adsorption data35 They proposed an expression
of the stoichiometric time, which led to accurate estimations
of the stoichiometric time when the concentration of the
adsorbable component in the feed is larger than 20%

ts5

ð1

0

12
yi;e

yi;0

ð12yi;0Þ
ð12yi;eÞ

� �
dt (15)

The stoichiometric time, Eq. 15, was used to estimate the
equilibrium data from the breakthrough measurements as

shown in Figure 5. The estimated equilibrium amount
adsorbed, based on breakthrough measurements and Eq. 15,
showed a good agreement with the equilibrium data measured
gravimetrically for a gas feed composition of 20% CO2. The
estimated equilibrium amount adsorbed from breakthrough
measurements when the feed concentration is 50% is lower
than that measured gravimetrically, however, the estimations
improved when compared to the equilibrium amount adsorbed
estimated using Eq. 14 (as in Figure 5).

Therefore, the results showed that the assessment of the
adsorption capacity of porous materials using the break-
through measurements might underestimate the working
adsorption performance of materials under real conditions if
the process parameters such as the velocity variation across
the bed during the adsorption process are not considered. Sim-
ple corrections as the one proposed by Malek et al.35 are only
valid at moderate feed concentrations; therefore careful analy-
sis is needed when considering separation processes where the
feed concentration of the adsorbable component is large.

Screening of adsorbents: purity of adsorbed CO2

Several factors need to be considered for the use of adsorb-
ents in practical CO2 adsorption, such as the hydrothermal sta-
bility of CuBTC MOFs,25,36–38 achievable purity, ease of
regeneration, and cost. The purity of separated CO2 is an
important factor that reflects the efficiency of adsorption

Figure 5. Deviation in CO2 adsorption isotherms at 508C for (a) Bulk AC, (b) Bulk CuBTC MOF, (c) Pelleted CuBTC
MOF when corrections for variable velocity are applied in the estimation of the total amount adsorbed.

[Color figure can be viewed at wileyonlinelibrary.com]
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processes. The purity of the separated CO2 (yCO2;e), as defined
by Eq. 16, needs to be more than 95% for subsequent transpor-
tation and sequestration.24 The value of yCO2;e can be esti-
mated based on the adsorption isotherms and it should be
considered in the screening of adsorbents for CO2 capture

yCO2;e5
Dqmin ;CO2

qg 12Eð Þ1yCO2;0
EPfeed

RT

Dqmin ;CO2
qg 12Eð Þ1 EPfeed

RT

> 0:95 (16)

where Dqmin ;CO2
is the minimum working capacity (mol/kg),

that is, the difference of adsorption capacity between the high-
est and lowest working CO2 partial pressures;11 qg is the parti-
cle density (kg/m3); E is the void fraction of the adsorption
column; Pfeed is the pressure of the feed (Pa); and T is the tem-
perature of the feed (K).

The purity of CO2 has been estimated for the adsorbents
used in this work based on a model flue gas (total pressure 5 1
bar, temperature 5 508C, and CO2 composition 5 20%). The
minimum working capacity (Dqmin ;CO2

) was calculated based
on the CO2 partial pressures 0 and 0.2 bar CO2 from the iso-
therms (both gravimetrically measured and obtained from the
analysis of the fixed bed adsorption experiments), as shown in
Table 3.

Based on gravimetric equilibrium data and fixed bed
adsorption experiments for a CO2 feed concentration of 20%
when the velocity variation is considered, both bulk CuBTC
and pelleted CuBTC MOFs showed values of yCO2;e higher
than 95%, indicating that they are suitable porous materials
for CO2 capture. However, when the correction of adsorption
capacity due to the velocity variation effect was not consid-
ered (Eq. 14), the adsorption isotherms are underestimated and
the achievable purity is reduced. These results showed that an
erroneous evaluation of the suitability of adsorbents for practi-
cal applications may arise if fixed bed adsorption data is not
carefully modelled, which in this case means considering
velocity variations.

Conclusion

This work shows the importance of considering velocity var-
iations when modelling fixed bed adsorption columns to accu-
rately calculate the CO2 breakthrough behavior. We showed
that considering a variable velocity through the bed is necessary
for correctly describing CO2 capture in activated carbon, crys-
talline bulk CuBTC MOF and pelleted CuBTC MOF, unless a
very diluted feed is considered (with CO2 concentration <1%).
It should be noted that the effect of a high-pressure drop was
not considered in this study, which can affect the propagation
velocity,22 because the difference in experimentally measured
pressure drops in our system was insignificant.

This work shows that the difference between the stoichio-
metric time considering constant and variable velocity grows
exponentially with the adsorbate concentration in the feed.

Malek et al.35 suggested that the correction for variable veloc-
ity should be implemented when the feed concentration is
higher than 20% for light adsorbing gases (methane and ethane
on activated carbon) to have errors smaller than 2% in the
equilibrium amount adsorbed.35 For gases that adsorb stron-
ger, such as CO2 on activated carbon, a feed concentration of
20% results in a shift of the breakthrough time of 6%, and a
deviation in the equilibrium amount adsorbed of 6%. For CO2

adsorption on bulk and pelleted CuBTC, same deviations (i.e.,
6%) in breakthrough curves and equilibrium amount adsorbed
were observed.

In this work we show that the percentage shift in the break-
through curves (or error in the estimation of the total amount
adsorbed) is practically independent of the total flow rate or the
adsorbent used, but strongly dependent on the feed concentra-
tion. Comparing to work reported in the literature,35 the error in
the total amount adsorbed is dependent of the gas considered.

According to these findings, the common evaluation of
porous adsorbents for carbon capture based on the equilibrium
adsorption using gravimetric analysis should be comple-
mented by the fixed bed adsorption analysis, as well as other
methods such as zero length column,39 to make a fair judg-
ment on predicting the performance of materials under flow
conditions.
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Notation

C = total concentration, mol/m3

Ci = component concentration, mol/m3

C0 = initial concentration, mol/m3

D = internal column diameter, m
d = particle diameter, m
F = volumetric flow rate, cm3/min
K = Henry’s constant in the Langmuir model, m3/mol
ki = mass transfer coefficient in the LDF equation, 1/s
k’ = mass transfer coefficient in the B-A model, 1/s
L = total bed length, m
ns = saturation capacity in the Langmuir model, mmol/g
P = total pressure, bar

P0 = initial pressure, bar
qi = average adsorbed amount, mmol/g

q* = equilibrium adsorbed amount, mmol/g
qs = saturation capacity per unit volume of bed in the B-A model,

mmol/g

Table 3. Minimum Working Capacity and Purity of Adsorbed CO2 Determined Using Eqs.14 and 16 Based on Fixed Bed

Breakthrough Curves for CO2 Feed Concentration of 20%

Adsorbent

Adsorption Capacity Measured
Gravimetrically and Calculated Based on

Breakthrough Curves Using Eq. 15

Adsorption Capacity Calculated
Based on Breakthrough

Curves Using Eq. 14

Dqmin ;CO2
(mmol/g) yCO2 ;e(%) Dqmin ;CO2

(mmol/g) yCO2 ;e (%)

Bulk activated carbon 0.242 90.9 0.167 87.5
Bulk CuBTC 0.496 96.7 0.337 95.4
Pelleted CuBTC 0.479 95.1 0.329 92.9
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R = gas constant, Pa m3/mol K
T = temperature, K
t = time, min
u = superficial velocity, m/s

y0 = initial mole fraction,
yi = component mole fraction,
ye = effluent mole fraction,
z = length of one segment in the fixed bed, m

Greek letters

E = void fraction,
lg = viscosity of gas, Pa s
q = density of gas, kg/m3

qg = grain density, kg/m3
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