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Abstract

Based on experimental pure component data for the characterization of the
isostructural imidazolate framework Potsdam (IFP) series reported in Part I, a
model for the simulation of non-isothermal dynamic adsorption of CO,/CHy,-
mixtures in fixed-bed columns is presented in this Part II. The robustness of
the model is examined and validated, by comparison to experimental break-
through data at different process conditions, such as varying concentration,
temperature, and pressure. Thereby, different predictive methods for the esti-
mation of adsorption equilibria of mixtures are compared (RAST, IAST, ML).
The results show that ideal behaviour can be assumed with good accuracy for
the system under consideration, except for IFP-2, which shows significant devi-
ations at increased pressures and temperatures. A detailed kinetic analysis
reveals that mass transfer is significantly influenced by micropore diffusion.
Thus, only for IFP-1 the dynamic separation of CO, and CH, is equilibrium-
driven, while for the remaining IFPs the kinetic regime dominates the process,
which in some cases increases the separation efficiency (IFP-2 to -7) but can
also inhibit it (IFP-8). The determined intracrystalline diffusion coefficients
show very good agreement with values for metal organic framework (MOF)
compounds of similar structure reported in the literature.
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significantly depending on the source location.”! In addi-
tion, major efforts are being made to partially replace fos-

In 2019 the share of natural gas (NG) in the primary
energy sector rose to a record high of 24.2%.Y The
increased global demand for natural gas has led to
the utilization of reserves that were previously considered
economically unviable. Next to other impurities like N,
and H,S, the CO, content of raw NG can vary

sil fuels with biogas produced by anaerobic digestion of
biological materials, which also contains significant
amounts of CO, depending on the origin of the biological
substrates and fermentation conditions.>*

The presence of CO, not only reduces the calorific
value, but can also cause sweet gas corrosion by
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formation of carbonic acid in the presence of ubiquitous
H,O0 inside the pipelines.!>*

Therefore, the composition of gas delivered to commer-
cial pipeline grids is strictly controlled and must meet cer-
tain specifications. The maximum CO, content in NG
pipelines is usually set to 2%.1”! Processes suitable for carbon
dioxide removal include physical absorption in water or
organic solvents (pressure washing, Selexol process), reac-
tive sorption in aqueous amine solvents (amine washing),
multistage membrane separation processes or cryogenic
condensation, and pressure swing adsorption (PSA).'®!

Numerical simulation of the dynamic separation of
CH,/CO,-mixtures in adsorption columns requires com-
prehensive knowledge of the physicochemical properties
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of both the gas and solid phase. The transient transport
phenomena involve the coupled exchange of mass and
energy, described by balance equations. Adsorption equi-
libria and kinetics are the limiting key quantities in order
to describe the mass transfer between the gas phase and
the microporous adsorbent. The morphological properties
as well as the experimental determination and modelling
of pure component adsorption equilibria for CO, and
CH, are reported for selected imidazolate framework
Potsdam (IFP) species (IFP-1 to -8) in Part I of this
study.[g] These results offer the possibility to simulate the
dynamic and non-isothermal separation of CO,/CH, mix-
tures under consideration of the heat of adsorption,
which is also derived from the pure component data.!”’
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Flow chart of the experimental breakthrough plant consisting of the gas dosing system (I), the adsorber unit (II), and the gas
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2 | MATERIAL AND METHODS

2.1 | Experimental setup

All breakthrough experiments are performed on a self-
constructed test rig (see Figure 1), which can be
categorized into three functional subsystems: the gas
dosing system (I), the adsorber unit (II), and gas anal-
ysis (IITI). With the gas dosing system, ternary gas mix-
tures of different concentrations can be generated via
three thermal mass flow controllers (MFC 1-3) and
optionally humidified in a bubbler system (B 1). The
overall flow rate for each experiment flowrate is set to
30 mlgrp min~'. Before the gas phase composition is
detected in real time in the gas analysis section (III)
by a quadrupole mass spectrometer (MS 1), it can
optionally be passed through or by the adsorption unit
(I1), which consists of an adsorber column (A 1) with
a fixed bed volume of approximately 1 ml (I, = 50 mm,
d, = 5mm). Since the particle diameters of the used
adsorbents are significantly below 500 pm, slip flows cau-
sed by wall effects, which can occur in packed beds if the
bed to particle diameter ratio drops to values below
10,1°! can be excluded. The change in flow rate due to
adsorption is recorded using a thermal mass flow meter
(MFM 1). The system pressure is controlled downstream
of the adsorber by a remotely controlled valve (RCV 1).
Prior to each experiment, the system pressure is
established with helium. To gain more insight into the
influence of the plant periphery, such as pipes and fix-
tures, residence time distributions are determined with
inert particles that do not interact with the gas phase and
are of the same size distribution as the adsorbent. Via a
mass balance by integration of the concentration profiles
obtained in this way at the outlet of the adsorber over the
time, the absolute adsorbed amount of each species, i, is
inferred!*"!:

nads LJtm (Vin(t)yi,in(t) *Vout(t)yi,out(t))dt (1)

The numerical integration of the measurement data is
performed using Euler’s midpoint formula for the
approximation of Riemann integrals!?):

2

jf (x) dx ~ i(xm ) <JM) (2)

The associated estimated error, which is proportional
to the interval size, [a,b], and indirectly proportional
to the number of increments, n, is shown in Equation (3):
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b n ( b )3
—a 11
[rede=> 50 -x) | <O 1wl @
a J=1
2.2 | Modelling adsorption equilibria of
mixtures

For the modelling of dynamic adsorption of mixtures,
multicomponent equilibria must be known initially.
Since they are difficult to determine experimentally, there
are predictive approaches to estimate them a priori.

The most common method is the theory of the ideal
adsorbed solution (IAST) developed by Myers and
Prausnitz in 1965,1**! which, like the isosteric method,”’
relies on the thermodynamic equilibrium condition of
the change in Gibbs free energy:

dl’li
Tp

(4)

n
dgg:sng—vgdp:dg”:s”dT—v”derZaai:
i=1

This relation can be simplified to the Gibbs isotherm for
constant temperature,“‘” with the spreading pressure, 7;,
the adsorbed amount, #;, and the interface between the
gas and adsorbate phase, A:

A
;dﬂ'i"‘v?dpi:‘}{gdpi (5)

Applying the ideal gas law and assuming that the adsor-
bate volume is negligible compared to the volume of the
gas phase yields Equation (6):

1}§:R—_T>>v” (6)

1

Finally, the following physical dependency of the spread-
ing pressure is obtained after insertion of Equation (6) in
Equation (5) and subsequent rearrangement:

ﬂiA_
RT

fm@Wwi )

where p? denotes the pure components adsorbate vapour
pressure for component i at the spreading pressure of the
mixture and thus differs from the partial pressure in case
of mixture adsorption. This deviation is described analo-
gously to Raoult’s law known for vapour-liquid
equilibria:
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pyi=p(m)xiy, (8)

where p denotes the gas phase pressure and y; the activity
coefficient, while y; and x; denote the molar fractions of
the gas and liquid phase, respectively. From the equilib-
rium assumption of the adsorbate phase, the condition
follows that the spreading pressures must be equal for all
components i. After coupling of Equations (7) and (8) via
p?, an adsorbate phase composition can be clearly assigned
to each gas phase composition by iterative solution.

The total amount adsorbed, n;, corresponds to the sin-
gle component loading at given partial pressure, n;(p;),

according to the Gibbs-Duhem relation!**':

S ~ _(dlny
- ni(p;) i—1 aﬁ T # X;

Finally, the load contributions of the components
involved in the adsorbed solution can be determined in
analogy to Dalton’s law for the gas phase:

n; =X; N; (10)

Assuming an ideal system, the activity coefficient can be
set equal to unity, simplifying Equations (8) and (9)
accordingly. Based on the IAST, the multi-Langmuir
(ML) equation according to Markham and Benton''®! can
also be derived, which is theoretically only thermody-
namically consistent if the maximum monolayer loading,
g%, of all components involved are of the same value!'”:

0 bp
4= (11)

1+ bip;

i=1

For a non-ideal system, however, the activity coefficient
must be taken into account. This extension of the TAST is
also referred to as the theory of the real adsorbed solution
(RAST).[*>181 Tt should be noted that the activity coeffi-
cients for the adsorbate phase cannot be predicted by the
conventional gf models for the liquid phase of mixtures
(e.g, UNIFAC, UNIQUAC, NRTL). Therefore, the
spreading pressure dependent (SPD) model introduced
by Talu and Zwiebel is applied'*>!*):

The shape factor, s;, is calculated from the van der Waals
volume of component i, v,,;, the reference volume, va,

THE CANADIAN JOURNAL OF 1905
CHEMICAL ENGINEERING
and the lattice coordination number of the adsorbed
phase, z, as follows:

WilZ—2) 2
I.ZWJF_ (13)
Wz z

The overall external contact fraction of mixture compo-
nents j, ®js is calculated by the following:
S X;
9= (14)
Z Si Xi
i=1

The Boltzmann weighting factor, ay, satisfies the follow-
ing condition:

€ €jj
v=eo(ty) iz

The average lateral interaction potential between mole-
cules of the same species i, e;;, is given as follows:

ANW®, . — ARC
2—

e = ads,i ads,i (16)

ZN4si

The cross-lateral interaction potential between compo-
nents i and j of a mixture, e, is given as follows:

ej = \/5175(1 —ﬂi,-) (17)

where N4 denotes the Avogadro number; ﬂij denotes the
cross-lateral interaction correction parameter, which
becomes zero for ideally spherical molecules; and Ahy, ;
and AhQ,; denote the isosteric heats of adsorption of
pure component i at either the mixtures spreading pres-
sure or zero coverage, respectively.

Another approach modified from IAST assumes a het-
erogeneous distribution of adsorption sites on the solid
surface, which are energetically non-equivalent and occu-
pied by the adsorbate independently of each other.[! An
equilibrium relationship according to Langmuir—also
referred to as multi-site Langmuir (MSL) model—is pos-
tulated for each site independently and also solved indi-
vidually applying the IAST for each sitel'”-2"!:

n

Z bs;p;
qi = qoo _— 18
& 1+ bsip; 18)

Assuming that the maximum monolayer loads of the
components involved are the same for each site,
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the multi-site multi-Langmuir (MSML) model is also
valid in analogy to Equation (11):

n

o) b ,‘pi
6= a7 (19)
§=1 1+ bsip;
=

Furthermore, the overall spreading pressure, z, can be
expressed for both the pure component and the mixture
according to Equations (20) and (21), respectively!'”-!!:

TA L
PR In g (1+bs,p}) (20)

RT lnH(Hstlp) (21)

Coupling both equations for equal spreading pressures
according to IAST vyields the vapour pressure of the
adsorbate phase for the single-site Langmuir (SSL):

7A
0 exp(q?RT) -1

D= 22
pi bas (22)

For the dual-site Langmuir (DSL) model, solving the
resulting quadratic function accordingly results in
the following:

\/(bA,i_bBl) +4bA1szexp( ) (bAl+bBl)
2ba;bg;

P =
(23)

By applying Equation (8), the activity coefficients can be
estimated in an alternative way to RAST. For the SSL
model, however, the resubstitution consistently yields
activity coefficients of unity; only the heterogeneous MSL
approaches yield deviating values.

Based on the predictive binary equilibrium data, the
separation factor, which can be used as a measure of
selectivity, is calculated as follows:

g

Consequently, the selective loading capacity towards the
key component, CO,, is given by the following:

2
dco, Yen,

4,.co, = 9co, AC0,.CH, = (25)

Yco, dcH,

2.3 | Modelling dynamic adsorption
The global mass balance for the system under consider-
ation is calculated by coupling the component balance
for the fluid (left term) and solid phase (right term) for
each component i:
% B(Ltci)_ &__l—eb &ql (26)
ot oz Yo & T

It states that the integral change of the gas phase concen-
tration along the differential adsorber length, dz, over
time, dt, which is given in the same order by an accumu-
lation, convection, and dispersion term, must be attrib-
uted to the adsorption sink. With ¢; denoting the
concentration of component i, u is the advection velocity
of the gas phase, Dy is the axial dispersion coefficient, p),
is the particle density, g; is the loading, and ¢, is the fixed
beds void fraction, which is calculated from the adsor-
bent mass, mggs, placed in the adsorber Volume, V:

Mads

27
Vb pp ( )

Ep =

The axial dispersion coefficient is calculated as a function
of Schmidt (Sc) and Reynolds (Re) number according to
Wakao et al.?>?3:

D;:
Doy :8—“ (20+0.5ScRe) (28)
b

The Chapman-Enskog free molecular diffusion coeffi-
cient is calculated as follows!?***!;

(kB T)I.S

2MiM; p (252) o>

3 |NsM;+M;
Di=g\ %

3 (29)

where N, denotes the Avogadro constant, kg is the
Boltzmann constant, o; is the collision diameter, and the
collision integral is calculated according to an empirical

approach by Neufeld et al.**!
kpT\ " ks T ks T
& & &
(30)

with the set of empirical parameters, A = 1.16145,
B = 0.14874, C = 0.52487, D = 0.77320, E = 2.16178,
and F = 243787 and the dispersion energy, ¢. The
uptake rate of the adsorbent is expressed by the linear
driving force (LDF) approach by Glueckauf and
Coates,””! with the linear concentration gradient
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between the loading in equilibrium to the local gas phase
concentration, g;, and the actual average adsorbent load-
ing, g;, at the given time as the driving potential and the
mass transfer coefficient, k;, as the rate constant:

aq; _
W:ki(%*ql') (31)

The mass transfer kinetics from the fluid into the porous
solid is rigorously accounted for by series-connected indi-
vidual transport resistances, while the process of adsorption
itself is assumed to happen instantaneously and thus not to
have a limiting effect. Here, the heterogeneous kinetic
model postulated by Farooq and Ruthven for the interac-
tion of micropores and macropores was modified for the

system under consideration (see Equation (32))1);
2 2
1 rpq r,qyT
— __p10 (1 _ ”) p ?, p ( 32)
ki 3kf Co 15 €p DK,,' Co 15 D”J'

The first term describes the film diffusion resistance from
the bulk phase to the surface of the adsorbent particle
with the radius, rp, across the phase boundary, where ¢,
corresponds to the equilibrium loading for the concentra-
tion, ¢y, at feed conditions and the film diffusion coeffi-
cient, ky, is described as a function of Sherwood number
as follows??!:

_kf dp

ij

Sh =2.0+1.1Re"® V/Sc (33)

The second and third term characterize the mass trans-
port resistance within the pore network of the particle
with the tortuosity, z, and the porosity, . The diffusive
mass transport in the mesopores and supermicropores,
which is in the range of free molecular flow for the exper-
imental conditions with a Knudsen number Kn >> 1,7*"
where the mean free path length of the gas molecules is
significantly larger than the pore diameter, is described

by the Knudsen diffusivity'>!*2
d 8RT
Dg;=-22 | —— 34
K3 VoM, (34)

In the region of ultramicropores, where the pore diame-
ter is close to the kinetic diameter of the diffusing species,
the Darken surface diffusion model®¥ is used, which
implies a kinetic enhancement with increasing loading
for convex isotherms!**3°

D,;=D% ' (35)
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where the corrected Darken diffusion coefficient, D,‘jf’i, is

described by the diffusivity at standard state, Dg,i, via an

Arrhenius type temperature dependency with the activa-
tion energy, E, ;13*37):

o0 E !'
Dy = Dg,l. exp (— R‘;) (36)

The terms for micro- and mesopore diffusion are
weighted according to their volume fractions, deter-
mined from the pore size distributions,™*! with the
micropore fraction, ¢,, and the resulting mesopore frac-
tion, 1 — ®,

With regard to heat transport, the heat balances for
the solid (or adsorbent) phase, s, as well as for the gas
phase, g, and for the wall, w, of the autoclave, a, are
taken into account. The solid phase, with the release of
the heat of adsorption, Ahggs;, as a result of the adsorp-
tion process, represents the heat source, AQS,adS, from
which heat removal, takes place by means of convective,
AQS,CO,W, and conductive heat transport, AQS,cond:

AQs,acc - AQs,ads +A4 Qs,conv +A Qs,cond =0 (37>

The accumulation term for the solid and the adsorbate
phase is calculated as follows:

. 1 oT.
AQs,acc =Pp (1 - eb)Acs,b dz ( < ZMI' qiCp,n,i + CP’S> (9_;)

n=1

(38)

The heat source due to adsorptive uptake and release of
adsorption enthalpy is as follows:

. n aq;
AQs,ads =Pp (1 - gb) Acsp dz Z <(Ahads,i —-M; Cp.gi Ts) 8qt>
i=1

(39)

The convective heat transport from solid to gas phase is
as follows:

AQs,conv =—0apQpy (1 - Eb)Acs,b dz (Ts - Tg) (40)

Finally, the conductive heat transport from the solid
phase to the autoclave wall according to Fourier’s law is
as follows:

. 24
AQs,cond = _l"_bs (1 - gb) Ca,in dz (TS - TW) (41)
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The overall heat balance of the solid phase reads after
rearrangment as follows:

" dTs
Z Mi qicp,n,i + cp,s W

n=1
. aq;\ apa
- Z <(Ahads,i —Micpg,i Ts) %) R e (TS — Tg)
i1 Pp
2/‘Ls Ca in
oA T 42
ppACS,b rb( ’ w) (42)

where M; is the molar mass, Pp is the particle density, aj,
is the convective heat transfer coefficient for the over-
flowed particle, a,, is the volume specific particle sur-
face, A, is the heat conductivity of the particle, C,;, is the
circumference of the inner autoclave surface, A is the
cross-sectional area of the fixed bed, r, is the radius of
the fixed bed, and c,,; and c,, are the isobaric heat
capacities of the adsorbate phase and of the solid particle,
respectively.

The heat balance for the fluid phase is established
accordingly:

A Qg,acc +4 Qs,ads +A4 Qg,conv -4 Qg,disp =0 (43)

With the heat accumulation in the gas phase, Equa-
tion (44) is obtained:

. oT,
AQg,acc =CpgPg€b Acs,b dz a—tg (44)

With the heat sink due to the adsorption uptake rate
from the gas phase, Equation (45) is obtained:

n
. 0.

AQg,ads = _Tg Pp (1 - Eb)Acs,b dZZ Cpgi M; aqtl (45)

i=1

With the convective heat transport from the gas phase to
the solid phase, Equation (46) is obtained:

. d (upg Tg)
AQg,conv =Cpgéb Apdz T

+ain &p Coin dz (Tg - Tw)
+apapy (1—ep) Apdz (Tg— Ty) (46)

Finally, with back-mixing of heat induced due to axial
dispersion, Equation (47) is obtained:

T,
d7z>

AQqaisp = Aax €5 Ap dz (47)

Rearranging the equations above again yields the overall
heat balance for the gas phase:

IT, 1—ep aq; ﬁ(upng)
cp‘gngZTgpP €p ;Cp’g’iMiW_cp’g 0z
ain Cq,in 1-¢
———(Te—Ty) — a,a T,—T
ot (1, 1,) -1~y (1, T)
+4 Ty
ax 0—)Z2

(48)

where p, is the gas density, ¢ is the isobaric heat capac-
ity, a;, is the convective heat transfer coefficient for the
axial flow at the inner wall of the autoclave, C,;, is the
circumference, and A, is the axial heat dispersion coeffi-
cient, given by the following!?:

Aax =g (7.0+0.5ScRe) (49)

The heat balance of the autoclave wall includes the heat
transport by convection and conduction:

A Qw,acc +4 Qw,conv +4 Qw,cond =0 (5 0)

The corresponding governing equations are as follows:

. oT,
AQyacc = Cpw Py Acsa dz (9—l‘w (51)

AQw,conv = Qin € Cq,in dZ (Tw - Tg)
— our Ca,our dZ (T — Tout) (52)

. 22
AQw,cond:S—W (1_812) Ca,in dZ(Tw_TS) (53)

w

Reassembling of the equations finally results in following
expression:

JT.
Cp,w Pw Acs,aTtW = —Qin €p Ca,in (Tw - Tg)
2 Aw
—Qout Ca,out (Tw - Toul) - S_ (1 - Sb) Ca,in (Tw - Ts)
w

(54)

where A, denotes the cross section of the autoclave and
cpw and p,, are its isobaric heat capacity and density,
respectively. Further, a,, denotes the convective heat
transfer coefficient for the axial flow at the outer wall of
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the autoclave with the circumference, C, . The ambient
temperature inside the GC-oven, T,,, is considered as
constant and equal to the feed temperature, T}.

In summary, this yields a set of i + 3 coupled, spatially
and temporally constrained partial differential equations,
which are numerically solved simultaneously for each
component, i, by applying the method of finite differ-
ences in MATLAB, while some simplifying assumptions
are made for the system under consideration. The adsor-
bent particles are considered as ideal isotropic spheres in
a monodisperse and homogeneously distributed fixed bed
fed with an ideal gas phase at Stokes flow conditions
(Re << 1), where advective inertial forces are insignifi-
cantly small in comparison to viscous forces, in which
formation of radial gradients is neglected (1D model). In
addition to the convective mass and heat transport across
the boundaries of the spatially discretized segments, con-
ductive axial heat transport along both the autoclave wall
and the fixed bed is taken into account. The impact of
the adsorbers’ periphery, which is assumed to be adia-
batic, is considered up- and downstream by approximat-
ing the residence time experiments. Thereby, the delay in
retention time caused by the additional pipework, and
the back-mixing due to dead volumes incorporated by the
armatures, are taken into account by adapting a plug
flow tubular reactor (PFTR) and a continuous stirred
tank reactor (CSTR) into the model setup.

The kinetic model is fitted to the experimental break-
through data in several iteration steps. In the first step,
the intracrystalline diffusion coefficient, Dg,l-, and the tor-
tuosity, 7, are determined. This procedure is performed
using breakthrough curves recorded at different feed
compositions (oo, =021 and 0.36) at p =5 bar
(1 bar = 10° Pa) and T =50°C. The temperature depen-
dent activation energy, E,;, is subsequently determined
by temperature variation (T =70 and 90°C) at p =5 bar
and constant feed composition (yco, =0.21). In the third
step, the kinetic model is validated by pressure variation
experiments (p =3 bar and 7 bar) at T =50°C and
Yco, = 0.21. In summary, this procedure yields a data set
of six measured breakthrough curves per adsorbent.

The physical properties of the substances used, which
could not be determined experimentally, are calculated

THE CANADIAN JOURNAL OF 1909
CHEMICAL ENGINEERING
based on corresponding literature equations. The heat
capacity of the gas phase is determined according to the

PPDS (physical property data services) equation!**':

() (Di+Ei () oo (ﬁywi (A%T)ﬂ (55)

with the set of empirical parameters A; — G; for each
component, i.

Further, it is assumed that the heat capacity of the
adsorbate phase, which can be assumed to be negligibly
small, corresponds to that of the gas phase. The heat
capacity of the resulting mixtures is estimated according
to the linear mixing rule for ideal gases analogous to Dal-
ton’s law:

n
Comix =Y _¥iCpi (56)
i=1

The dynamic viscosity as well as the thermal conductivity
of the gas phase, which are represented in the following
(generalized by z;), are calculated according to the
Wassiljewa equation *>#!!;

zi=A+B,T+C;T>°+D; T +E; T* (57)

with the set of empirical parameters A; — E; for each
component, i.**! The properties of the mixture are calcu-
lated according to Wilke as follows!**!:

n

YiZi
T =) (58)
=yt Z:lyj¢y
Jj=

with

1 1 172
1 ([ () oy
%_2\/5 (1+Mj> 1+(z,-) <Mi>] 9)

Since the thermal conductivity of the applied adsorbents
could neither be determined experimentally nor by
empirical equations, the data of the structurally similar
ZIF-8 are used in the context of this work according to
the literature.[*!

85UBD17 SUOWIWOD BAIIS1D 3|qedl|dde au Aq peusenob aJe Sejoile YO ‘8sn Jo Se|nl Joj AkelqiT8uluO AS|IM UO (SUONIPUOD-PUE-SULBIANI0 B 1M AeIq 1 |BUl|UO//SANY) SUONIPUCD pue Swie | 84} 88S *[Z0Z/70/ST] U0 Ariqiauliu A8|IM ‘MepueT-uleinesies ey IBISIBAILN 8YISIUYIS | 8UdSIZ[eid-PueluByy AQ 88212'99/0/200T 0T/I0p/W0d A8 1M AreJq 1 Buljuo//:Sdny Wiy pepeojumoq ‘g ‘220z ‘X6TO6EET



OTTER ET AL.

1910 THE CANADIAN ]OURNAL OF
CHEMICAL ENGINEERING
The different heat transfer coefficients are determined

according to their corresponding Nusselt number correla-
tions (Equations (61)-(63)) as follows:

_adz

Nu=——
Ag

(60)

For the heat transfer coefficient between the gas phase
and particles in laminar flowed through packed beds, a,
the correlation according to Pohlhausen is applied[‘m]:

Nu=0,664+/Re V/Pr (61)

where the characteristic length, L, is equivalent to the
particle diameter.

The Nusselt correlation for the axially directed con-
vective heat transfer coefficient between the gas phase
and the inside of the cylinder, a;,, reads according to

Gnielinski as follows!*’!:

Nu:0,664,/Ri—d”€/17r (62)
b

with L being equal to dp.

According to Gnielinski, the Nusselt correlation for
the heat transport of the cross-flown outer cylinder con-
siders a laminar and a turbulent contribution'*);

Nu=0.3+4/Nu},  +Nu? (63)

where the laminar contribution corresponds to Equa-
tion (61) and the turbulent contribution is given by the
following relation:

0.037 Re®8 Pr
1+2.443Re01 (Pr?/3 —1)

Nugyyp = (64)

with L denoting the half circumference of the outer
cylinder.

For the experimentally collected pure component
data used in the simulations, such as the single compo-
nent isotherms for the prediction of multicomponent
equilibria, and the derived isosteric heats of adsorption,
as well as the pore size distributions, mean diameters,
and heat capacities of the used particles, the reader is
referred to Part I of this study.'!

The dimensionless quantities used for the calcula-
tions, correlations, and for the purpose of system charac-
terization are listed in Table 1.

TABLE 1 Overview of the used dimensionless quantities
Reynolds number Re—":"L
Mg
Schmidt number Sc =&

Dy pg

Peclet number (mass) P = ? =ReSc
ij

Bodenstein number Bo=1L
ax
Knudsen number Kn=-%
dpore
Biot number Bi=4L
s
Prandtl number Pr— "z

Peclet number (heat)

The pressure drop over the packed bed is calculated
by solving the momentum balance according to Ergun’s

equation!*”!:

1507l (1—e)® 175bpg(1—ep)
- by

2 3 s
dp £ d, £

Ap (65)

where u; denotes the superficial gas velocity.

3 | RESULTS AND DISCUSSION

The adsorption phase equilibria predicted by the previ-
ously presented models for the binary mixture of CO,
and CH, are shown in Figure 2 (and Figure S1 of the
Supporting Information [SI], respectively) for all IFPs at
a system pressure of 5 bar and a temperature of 50°C.
The various models do not show major deviations from
each other for the respective IFPs and are in good agree-
ment to the experimental data, which are obtained by
integration of the breakthrough curves (see Section 2.1)
of binary CO,/CH,-mixtures at feed compositions of
Yco, =0.21 and 0.36, respectively (see Section 2.3 and
Table 2). However, relatively large deviations are found
for the equilibrium loading of methane for IFP-2 to -5.
This matter will be addressed in more detail later during
the kinetic considerations. The largest deviations among
the models are partly seen for the ML-DSL/ML-EL
(dashed lines) and the TAST-DSL (yellow line)
approaches. The latter is reflected in the non-ideal behav-
iour of the derived activity coefficients (see Figure 3).
However, the RAST calculation (red line) does not seem
to deviate much from the ideal behaviour and is very
close to the IAST-EL data (blue line), resulting in activity
coefficients of unity. Therefore, the RAST approach is not
considered for further dynamic simulations. In order to
simulate  non-isothermal and pressure-dependent
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dynamic adsorption, the binary equilibria are extended to
the relevant temperature and pressure range in addition
to the concentration dependence. The resulting three-
dimensional solution domains are visualized by means of
the separation factor and the selective loading capacity in
the SI section (Figures S2-S17).

It follows from the figures that, in general, for all IFPs
the EL-based separation factor (Figures S2 and S3)
increases with increasing CO, concentration in the gas

mixture and with decreasing temperature, respectively.
Only IFP-7 shows the opposite behaviour, whereas for
IFP-8 the separation factor shows a minimum at approxi-
mately 345 K with increasing effectiveness for high CO,
concentrations at higher temperatures and vice versa
with decreasing effectiveness. The DSL-based (Figures S3
and S4) separation factors in several cases show local
extrema and exhibit a more complex behaviour. IFP-2,
with a maximum of 10, shows on average the highest

1 1
osos | IFP-1 i IFP-2
E 0.99 +
099 + e i s
— : [ },
< 0985 £ N 098 | “,
. : %,
0.98 | i
_ 0.97 |
0.975 | L
0.96 - } t F—— t
0.0 0.2 0.4 06 0.8 1.0

0.995
=
[ 0.99
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0.98 >\ ¥ - I T - } I S - ‘l I T ‘l L 0‘985 Y - I T T W't } } }
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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IFP-6
[ \1501
0.98 + L
[ 0.95 +
< 096 | %,
>~ [ L
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0.94 1 i
092 | v ] 085 ey — e
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[ [ coefficients for the binary
0.96 | 0.9996 ’E CO,/CH, mixture at p =5 bar
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005 4 v vt v v v | g 9995 ey ; the dual-site Langmuir—Ideal
0 0.2 0.4 0.6 0.8 1 0.0 0.2 0.4 0.6 0.8 1.0 adsorbed solution theory
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adjacent plots are hidden due to
space limitations
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ads

separation factors, and IFP-7, with a maximum of 4, the
lowest, which is in good agreement with the previous
findings.[”’ However, no significant differences can be
observed here for IFP-1 or for the remaining IFPs, which
all range around the same values. The selective loading
capacities show good agreement to the trends of the pure
substance data,[gl with the best values again for IFP-2
with up to 40, followed by IFP-1, and the worst values for
IFP-7, with a maximum of 5.

With regard to variable pressure (Figures S10-S17)
the IFPs show similar trends as described in the previous

observations, exhibiting the highest separation factors at
high pressure and low temperature according to Le
Chatelier’s principle of the least constraint but with the
same remarkable anomalies for IFP-7 and -8.

In order to obtain detailed information about the
adsorption Kkinetics, the measurement of the break-
through curves is based on the experimental strategy
according to Table 2 as described in Section 2.3.

For the sake of clarity, only the experimental break-
through data of IFP-1 are shown within the text (see
Figure 4) together with the simulation results of the
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concentration and temperature profiles for all four pres-
ented IAST-based mixture adsorption models (IAST-EL,
IAST-DSL, each with both types of buoyancy corrections:
Voce =V, Voee =V x) as representative of all IFPs. The
breakthrough data for the remaining IFPs can be found
in the SI (Figure S18-S23; note: For IFP-6, no data could
be collected because the available quantities were insuffi-
cient). For IFP-1, the simulations agree almost identically
with the experimental data—also at different
conditions—for each mixture adsorption model, with the
smallest deviations for IAST-EL (Ve = V), 5). This obser-
vation, in addition to the integral solution (see Figure 2),
validates once again the predictive equilibrium approach
according to IAST. With IFP-2 (Figure S18) however,
underestimations of the CO, loading occur, which are
especially significant for the temperature and pressure
variations, resulting in decreased retention times for CO,
compared to the experimental data.

The best approximation for IFP-2 is provided by the
IAST-EL approaches. For IFP-3, -4, and -5 (see
Figures S19-S21) there are also slight CO, underestima-
tions recognizable with IAST-DSL (V.. = V), IAST-DSL
(Voee=Vpx), and IAST-DSL (Vo.e=V,x) as the best
approaches, respectively. The largest differences between
the equilibrium models applied can be seen for IFP-7 and
-8. For both adsorbents, the EL approach fits the data bet-
ter, especially at elevated pressures. Nevertheless, each
of the applied models can be wused with good
correspondence.

However, in order to understand transient pro-
cesses in detail, a kinetic analysis is indispensable.
Table 3 shows the approximated kinetic model parame-
ters corresponding to the individual systems under
investigation, which were determined according to the
procedure described in Section 2.3. It is apparent that
the intracrystalline diffusion coefficients for CO, are
all, without exception, larger than for CH,. This trend
as well as the order of magnitude of the diffusivities,

with values ranging from 10~° to 10 '3, is in good

D g,COz D,'f,cm E,co,

Species m?s?) m?s™ (kJ mol ™)

IFP-1 3.99-1071° 1.08 -10°1° 13.73

IFP-2 1.70 - 10~° 3.66-10 2 13.35

IFP-3 518-107° 9.18 1073 14.31

IFP-4 1.38-107° 3.03-107 13.35

IFP-5 2.14-107%° 5.52-10 2 16.43

IFP-7 2.67-107%° 519107 15.51

IFP-8 6.05-10"" 1.47-107" 14.51

agreement with reported data for structurally similar
MOF species, such as the zinc-based ZIF-8**! and the
cobalt-based ZIF-9.1”! The generally larger diffusion
resistance of CH, can be explained by its larger kinetic
diameter (dycn, =3.8 A;1 A =01nm) compared to
CO, (di.co, = 3.3 A).

The tortuosities, with values around 3, are also in
good agreement with literature data.l*>*'! Having a closer
look at the adsorbent-specific diffusivities reveals, that
especially for IFP-2, -3, -4, and -5, CH,-diffusivities are
within two to four orders of magnitude lower than CO,-
diffusivities, while the differences for IFP-1, -7, and -8 are
significantly smaller. An explanation for the strong pref-
erence of CO, could be polar effects of the halogenated
IFP-2 and -3 and the Co-based IFP-5, as well as the gate
opening effect of the ethyl group of IFP-4. The kinetic
effects become even more obvious when plotting the
overall mass transfer resistances for both components
versus time (see Figure 5), which are calculated by the
heterogeneous kinetic model according to Equation (32).
As the kinetics are in most cases exclusively limited by
micropore diffusion; the contributions of film and meso-
pore diffusion remain insignificant in the following
considerations.

In view of the different diffusion coefficients for IFP-2
and -3 as well as for IFP-4 and -5, one might wonder why
both pairs nevertheless exhibit similarly large mass trans-
fer resistances. This phenomenon is primarily to be
attributed to the different particle radii.l**! Additionally,
in the case of IFP-3, the isotherm slope occurs to be
extremely flat in comparison,'”! which further amplifies
the mass transport resistance according to the Darken
equation (Equation (32)). In order to shed more light on
whether the separation is kinetic- or equilibrium-driven,
the respective saturation curves of the adsorbents are
shown comparatively for CO, and CH, in Figure 6, where
the saturation reflects the ratio of actual loading to equi-
librium loading. For IFP-1, saturation loadings are
reached very quickly for both CO, and CH, with

E TABLE 3 Estimated

el g ‘ intracrystalline diffusion coefficients,
(kT mol ") ) 0 . .

D,;» activation energies, E,;, and

14.84 2.96 tortuosities, z, by approximation of the
12.85 3.30 kinetic model to the experimental data

9.89 3.07
12.85 3.30
13.36 2.53
14.38 3.11

8.34 3.17
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equilibration times, t,;, of 500 and 1000s, respectively,
which are both in the range of the transient break-
through regime, where significant separation takes place.
In this case, the adsorption process is not kinetically lim-
ited and thus is solely equilibrium driven. For IFP-2 to -5,
however, equilibrium for CH, is reached extremely
slowly (teq,cr, >>1000s), while CO, equilibrates immedi-
ately (feq,co, <1000s), which has a favourable effect on
the separation efficiency by kinetically selecting the faster
diffusing CO,. The extremely long equilibration times
also caused the negative deviations of the equilibrium

loadings for CH, derived from integration of the concen-
tration profiles of the respective samples (see Figure 2).
Although IFP-7 shows a similar kinetic-selective behav-
iour as IFP-2 to -5, no significant separation can be
observed, which in this case can be attributed to the low
separation factors (Figures S2-S5) and selective loading
capacities (Figures S6-S9). IFP-7 is also kinetically lim-
ited with regards to CHy (feq,ch, >>1000s). IFP-8 shows
not only a kinetic limitation for CH, but also for CO,,
which in turn also results in a loss of separation
efficiency.
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4 | CONCLUSIONS

A model for the non-isothermal simulation of dynamic
adsorption of binary CO,/CH,-mixtures in a fixed bed
column was presented and validated on the basis of
experimental data. The adsorbents used were the iso-
reticular series of microporous IFPs (IFP-1 to -8), whose
material characteristic were already reported in Part I of
this study.!! For the model calculations, both mass and
energy balances were considered, resulting in a system of
coupled partial differential equations. Different predictive

models for the description of mixture adsorption based
on pure component isotherm data were compared and
evaluated. It could be shown that all approaches (RAST
and IAST as well as ML for EL and DSL isotherm
models) generally show no significant differences
between each other, which is an indicator for ideal
behaviour. This was additionally confirmed by the good
agreement of the simulation results to experimental
breakthrough data for all IFPs at different feed concen-
trations, temperatures, and pressures. The only signifi-
cant deviations are shown for IFP-2 at elevated pressures
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and temperatures. Also, the different approaches regard-
ing the consideration of the displaced sample volume in
the buoyancy correction—adsorbate volume (V.. =V )
versus total pore volume (V. =V, s)—for the calcula-
tion of the absolute loading from gravimetric experi-
ments!”! show no major differences in the simulation
results. A detailed study of the heterogeneous adsorption
kinetic model provided the information that, for IFP-1
alone, the adsorption process is not mass transport lim-
ited and is thus equilibrium-driven. IFP-2, -3, -4, -5, and
-7 exhibit comparatively extremely high mass transfer
resistances for CHy, resulting in slow CH, saturation of
the adsorbent, while equilibrium is reached almost
instantaneously for CO,. The kinetic selectivity towards
CO, in addition to the equilibrium selectivity results in a
desirable enhancement of the separation efficiency. How-
ever, the loading capacity for IFP-7 is so low that even
the kinetically induced increase in selectivity does not
result in significant separation of the components. For
IFP-8, in addition to CH,;, CO, mass transport is also
strongly limited. In this case, the separation efficiency
also decreases, since the saturation loadings of both com-
ponents are only reached gradually within breakthrough
time. The comparison of the equilibrium data (calculated
by integrating the concentration profiles) with the predic-
tive approaches showing negative deviations for CH, for
the extremely diffusion-limited IFP-2 to -5 (see Figure 2),
confirms this statement. The estimated intracrystalline
diffusion coefficients for micropore diffusion are in good
accordance with literature data for the similarly struc-
tured ZIF-MOFs.

PEER REVIEW
The peer review history for this article is available at
https://publons.com/publon/10.1002/cjce.24288.

NOMENCLATURE

Latin symbols

a specific ~ surface/lower  integration  limit
(m*g~'/-)

a volume specific surface (m ')

A interface between gas and adsorbate phase/area
(m?)

b affinity constant/upper integration limit (Pa~'/-)

Bi Biot number (-)

Bo Bodenstein number (-)

c concentration (mol m~?)

¢ specific isobaric heat capacity (J g ' K™*)

C circumference (m?)

d diameter (m)

Doy axial dispersion coefficient (m* s~ ")

Dy molecular diffusion coefficient (m?s™!)

THE CANADIAN JOURNAL OF 1917
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Dk Knudsen diffusion coefficient (m? s ™)
D, intracrystalline diffusion coefficient (m*s™*)
E, activation energy (J mol™")
Ahggs  heat of adsorption (J mol %)

f function (-)

g molar Gibbs free energy (J mol )

k rate constant (s 1)

ko equilibrium constant at reference state (-)
kg Boltzmann constant (-)

kg film diffusion rate consant (m s %)

Kn Knudsen number (-)

l length (m)

m mass (g)

M molar mass (g mol ™)

n number of moles/isotherm parameter (Sips
model) (mol/-)

N4y Avogadro number (-)

Nu Nusselt number (-)

p pressure (Pa)

p saturation vapour pressure (Pa)

Pe Peclet number heat (-)

pPe Peclet number mass (-)

Pr Prandtl number (-)

q loading (mol g™ %)

q* maximum loading (monolayer) (mol g~ %)
q actual average loading (mol g™ ")

q, selective loading capacity (mol g~ )

AQ heat transfer rate (W)

r radius (m)

R universal gas constant (J mol ' K1)

Re Reynolds number (-)

s molar entropy/shape factor (J mol " K~'/-)

selectivity (-)

Sc Schmidt number (-)

T absolute temperature (K)
time (s)

u advection velocity (m s )

U superficial velocity (m s %)

v molar volume (m?* mol™)

Vi van der Waals volume (m> mol ')

W van der Waals reference volume (m? mol %)

1% volume (m>)

1% volumetric flow rate (m>s™!)

X variable/liquid phase mole fraction (-/-)

y gas phase mole fraction (-)

z lattice coordination number/length vector (-/m)

Greek symbols

a convective heat transfer coefficient (W m 2K ™)
aij Boltzmann weighting factor/separation factor (-/-)
By cross-lateral interaction correction parameter (-)
Y activity coefficient (-)

A uncertainty (-)
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£ void fraction (-)

n dynamic viscosity (Pa s)

3 relative temperature (°C)

yl heat conductivity (W m' K™ ')
Aax axial heat dispersion coefficient (W m ' K™')
z spreading pressure (N m ™)

7 overall spreading pressure (N m ")
p density (g m3)

c collision diameter (m)

z void fraction (-)

T tortuosity (-)

7 overall external contact fraction (-)
?, micropore fraction (-)

W pore size distribution (-)

X electronegativity on the Pauling scale (-)
ngz,z) collision integral (-)
Subscripts

a autoclave

acc accumulation

ads  adsorption

b bed

conv  convection

cond conduction

CS Cross section

f feed

g gas phase

i component i

in inner wall side

J component j

lam  laminar

m material

u micro

mix  mixture

occ occupied

out outer wall side

D particle

pore  pore

T adsorbate phase

N solid

S site number

STP  standard temperature and pressure
by sum

t total

turb  turbulent

w wall

Superscripts

0 reference state

abs absolute

T adsorbate phase

g gas phase

oo infinity/maximum

OTTER ET AL.

Abbreviations
A adsorber column
B bubbler

CSTR continuous stirred tank reactor
CH, methane

Co cobalt

CO, carbon dioxide

DSL  dual site Langmuir

EL extended Langmuir

GC gas chromatography

H,0O water

H,S hydrogen sulphide

IFP imidazolate framework Potsdam
IAST  ideal adsorbed solution theory
LDF  linear driving force

MFC  mass flow controller

MFM  mass flow meter

ML multi-Langmuir

MOF  metal organic framework
MS mass spectrometer

MSL  multi-site Langmiur

N, nitrogen

NG natural gas

PFTR plug flow tubular reactor
PPDS physical property data services
RCV  remotely controlled valve
RAST real adsorbed solution theory
SPD spreading pressure dependent

SSL single site Langmuir

ZIF zeolitic imidazolate framework
7Zn zinc
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