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ARTICLE INFO ABSTRACT

Keywords: Single, quinary and septenary fixed bed breakthrough experiments of pentane (nC5/iC5) and hexane (nC6/2MP/
Pentane/hexane isomers 3MP/23DMB/22DMB) isomers were performed in shaped zeolitic imidazolate metal organic framework ZIF-8.
MOF ZIF-8

Adsorption equilibrium isotherms for linear nC5 and nC6 were measured from the single component break-
through curves covering the temperature range between 373 and 473 K and partial pressures up to 50 kPa. The
equimolar septenary (nC5/iC5/nC6/2MP/3MP/23DMB/22DMB) and quinary (iC5/2MP/3MP/23DMB/22DMB)
studies were performed at the same temperature range and total hydrocarbon pressure of 25 kPa. In the sep-
tenary experiments the following sorption hierarchy was observed:
nC6 > nC5 > 2MP > 3MP > iC5 > 23DMB > 22DMB. Results also show that the sorption of the linear
nC5 and nC6 is dominated by equilibrium in contrast with the sorption of branched isomers which is kinetically
controlled. The quinary experiments with C5/C6 branched paraffins evidences the partially separation by classes
of mono- and di-branched isomers. The equilibrium data were modelled by the Sips isotherm and the fitted
parameters were used to simulate the breakthrough data through a mathematical model developed in a Matlab
code using the method of lines (MOL). In the numerical simulations equal diffusivities constants (D./12) for
linear nC5/nC6 were used, being it 0.002 s~' at 373 K, which is a value 100 times higher than its respective
value for the mono-branched isomers iC5, 2MP and 3MP, and 300 times higher than for the di-branched hexane
isomer 22DMB. It is also shown the effect of the residence time of the gas regarding the fixed bed separation of
the pentane and hexane isomers, from where it is clear that increasing the residence time improves the se-
paration between the compounds.

Fixed bed adsorption
Breakthrough curves
Numerical Modelling

1. Introduction

The gasoline is the most common type of fuel used in automotive
cars today. The behavior of its combustion is evaluated by the research
octane number (RON) which is a measure of its knock resistance [1,2].
Knocking is a sharp, pinging sound, resulting from the spontaneous
combustion of the air-fuel mixture in the cylinder while the fuel is being
compressed. The resulting knocking increases the risk of engine damage
and decreases the engine efficiency. When the RON is high, the com-
bustion occurs as a smooth explosion instead a self-ignite and detona-
tion, improving the performance of the vehicle motor [1-4].

Since European legislation has imposed restrictions on gasoline to
reduce the concentration of additives, such as aromatic and olefins
compounds, due to their impacts on the environmental and human
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health, the petrochemical industry has been searching to find alter-
natives to enhance the required RON in the gasoline [5]. Therefore, the
process of isomerization, to improve the quality of light straight run
naphtha (LSRN), has gaining significant attention. This process trans-
forms straight chain paraffins into their branched isomers with higher
RON content in a fixed bed reactor using a catalyst. The linear pentane
(nC5, RON: 61.8) is isomerized to produce isopentane (iC5, RON: 92.3),
while the isomerization of normal hexane (nC6, RON:24) produces the
mono-branched 2-methylpentane (2MP, RON: 73.4) and 3-methylpen-
tane (3MP, RON: 74.5) isomers, and di-substituted paraffins 2,3-di-
methylbutane (23DMB, RON: 101.7) and 2,2-dimethylbutane (22DMB,
RON: 91.8) isomers [6-8].

Unfortunately, the isomerization process is a thermodynamic lim-
ited reaction and the isomerate mixture produced still contains linear
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Nomenclature

a, specific area of the column (m ™~ D)

a, specific area of the solid (m™ 1

b; adsorption equilibrium affinity constant (MPa 15

Co,i gas phase concentration at the inlet of the bed (molm )

el total gas concentration in bulk phase (molm ~3)

Gy heat capacity of gas phase (Jmol K 1)

Cps heat capacity of solid adsorbent (J'mol k-1

Dy axial dispersion coefficient (m?%s~1)

D. diffusion coefficient of solutes in the porous of the ad-
sorbents (m%s~ 1)

Ep; activation energy for diffusivity (kJ-mol h

F, molar flowrate of adsorbate species in the bulk gas phase
(umol-s ™ h

hy film heat transfer coefficient between gas and solid phase
(Wm 2K 1)

hy overall heat transfer coefficient at the wall of the column
(Wm 2K

Ko axial bed thermal conductivity (W-m™ Lk h

kipr linear driving force mass transfer coefficient (s~ b

L column length (m)

Mads mass of adsorbent in the bed (kg)

N total number of experiments (-)

nep number of components (-)

Nio heterogeneity index at the reference temperature (-)

n; heterogeneity index (-)

p partial pressure (kPa)

Prcs hydrocarbon total pressure (kPa)

Tepi experimental loading (mol'kg ™ 3

sips,i loading predicted by Sips model (mol'kg 1)

q* adsorbed phase concentration at equilibrium conditions
(molkg 1)

q; average loading in the solid phase (molkg ')

[ - maximum saturation loading (molkg ~1)

R ideal gas constant (J-mol K1)

Ty reference temperature (K)

T temperature in bulk gas phase (K)

Ty temperature in bulk gas phase at inlet of column (K)

T temperature of solid phase (K)

T temperature of the column wall (K)

[ retention time (min)

Uy superficial velocity (m-s ™ b

v interstitial velocity (ms™ h

Y molar fraction of adsorbate species in bulk phase (-)

z distance coordinate along fixed bed (m)

Greek letters

a constant parameter for the temperature dependence of the
heterogeneity index (-)

2 packed bed porosity (=)

£ apparent adsorbent density (kgm ~>)

s bulk density of solid (kgm ?)

7 L/vresidence time in the fixed bed (s)

AH; heat of adsorption (kJ-mol ™ 1y

(nC5 and nC6) and mono-branched (2MP and 3MP) paraffins un-
reacted, meaning that the final output stream of the isomerization re-
actor needs to be further treated to separate the isomerate product in a
high and low octane fraction. Nowadays, the technologies Total
Isomerization Process (TIP) from Universal Oil Products (UOP) [9-11]
and the Ipsorb and Hexorb processes from Axens [12-14] performs the
separation of low RON linear paraffins nC5 and nCé from its branched
isomers, after the isomerization step, by adsorption processes via ki-
netic mechanisms employing zeolite 5A. However, this adsorbent is not
able to separate mono-branched (2MP and 3MP) from di-branched
(23DMB and 22DMB) paraffins, and the presence of mono-branched
hexanes (moderate RON) in the final isomerate product contribute to
decrease the performance of the process.

The adsorption separation of C5/C6 fractions has been deeply stu-
died by scholars. Among these researches, a wide variety of zeolites are
mentioned as candidates to improve the performance of these pro-
cesses, such as SAPO-5, AlPO-5, 557-24, MCM-22, zeolite beta, among
others [15-21]. Besides zeolites, the newest class of porous material,
the metal-organic frameworks have gained attention for this purpose
and between them, the zinc methyl-imidazolate ZIF-8 [22] is of parti-
cular interest, due to its chemical and thermal stability and principally
for presenting higher adsorption capacity than zeolite 5A [23].

There are several papers on literature addressing the separation of
light naphtha in ZIF-8, which have reported the adsorption equilibrium
and properties of pentane [24,25] and hexane isomers [23,26-33].
Among them, Zhang et al [25] reported a complete separation of linear
nC5 from the branched iC5 from binary breakthrough experiments.
Recently, Henrique et al [33] showed (also through competitive
breakthrough experiments) that ZIF-8 has the ability to separate the
linear nC6 from its branched isomers (equilibrium based) and partially
separate mono- from di-branched isomers (via a kinetic mechanism).
However, there is no experimental work on literature addressing the
sorption of mixtures of pentane and hexane isomers in ZIF-8 which are
present in TIP process.

Thus, in view of a design and optimization of cyclic adsorption
processes for the octane improvement of gasoline, the goal of the pre-
sent work is to study the adsorption behavior pentane/hexane isomers
mixtures in a fixed bed containing ZIF-8, measuring simultaneously
single, quinary and septenary breakthrough curves and analyzing the
effect of temperature, total hydrocarbon pressure and residence time of
the gas in the bed. Additionally, from the experimental data adsorption
isotherms are collected and modeled by the Sips isotherm. Finally, a
fixed bed adsorption mathematical model is developed, in Matlab code,
to qualitatively predict the experimental breakthrough curves of C5/C6
isomers in ZIF-8, to be used later in the simulation of a cyclic adsorption
process.

2. Experimental section
2.1. ZIF-8 and paraffins isomers

The ZIF-8 studied in this work was provided by TU Dresden,
Materials Center. It is in shaped form with an average particle size of
2 mm (more details can be found at http://www.metal-
organicframeworks.eu/pdf/adsorbentien/zif8.pdf). The pentane (nC5/
iC5) and hexane isomers (nC6/2MP/3MP/23DMB/22DMB) are of
analytical grade supplied by Sigma Aldrich with 99+ % of purity.

2.2. Adsorption equilibrium apparatus

The experimental data were measured in an apparatus developed at
LSRE-LCM (Polytechnic Institute of Braganca) to measure single and
multicomponent breakthrough curves in a fixed bed (dynamic system),
for which, Fig. 1 shows its schematic diagram. The experimental set-up
consists of three main sections: (i) a gas preparation section, (ii) an
adsorption section, and (iii) an analytical section. In the gas preparation
section, the paraffins (liquid phase) are continuously introduced with a
syringe pump in the preparative chromatograph and mixed with the
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Fig. 1. Schematic diagram of the experimental set-up used to measure adsorption equilibrium data: (MFC) mass flow controller; (SP) syringe pump; (AC) adsorption
column; (APC) advanced pneumatic control; (S/SP) split/splitless-injector; (TCD) thermal conductivity detector; (FID) flame ionization detector; (V1) 4-way valve;

(V2) and (V3) 6-way valve; (V4) 3-way valve, (D20@GEDE®) streams.

carrier gas (helium), monitored by a mass flow controller (MFC), to run
through the vaporizer. A stainless steel column with 0.12 m long and
0.01 m internal diameter, is entirely filled with the adsorbent material
and placed inside the preparative chromatograph oven. The last part is
the analytical section, is composed by an analytical chromatograph, a
capillary GC column coating (Supelco with a 15 m length, 0.1 mm
outside diameter and 0.1 pm poly(dimethyl sulfoxane) immersed in an
ice water bath [29], and a Flame Ionization Detector (FID). Detailed
information about the experimental apparatus has been reported else-
where [33].

2.3. Experimental procedure

The experimental procedure to obtain breakthrough curves consists
in continuously measuring the concentration profile of the hydrocarbon
species as a function of time at the outlet of the adsorption column,
which is kept at a constant temperature. A more detailed description
about the experimental procedure and also the determination of equi-
librium loadings can be found elsewhere [33].

3. Theory
3.1. Sips model isotherm

The Sips isotherm [34,35] is a combination of the Langmuir [36]
and Freundlich [37] isotherms and is given by the following equation:

. (b,
S YR CT L ¢!

where sips,; 18 the loading at equilibrium conditions, g, ; is the
maximum saturation loading, b; is the adsorption equilibrium affinity
constant, p; is the hydrocarbon partial pressure and n; describes the
surface heterogeneity. The index i and j refers to the component and to
the number of components present in the mixture, respectively.

The temperature dependence of the equilibrium affinity constant
[38] and the heterogeneity index [38] are calculated according to the
following equations, respectively:



A. Henrique, et al.

—AH; (T,
bf = b,‘ X —L(i = 1)]
° p{ RT \T @

3

where by, and n;, is the equilibrium affinity constant and the het-
erogeneity index at the reference temperature T, AH; is the adsorption
heat, R is the universal gas constant, T is the temperature and «; is a
constant parameter.

The experimental data were modeled using an optimization method
in order to minimize the mean relative deviations (Aq) given by the
equation:

1 (W G — B |

Ko | exp.i — Dsips.i

ha=g% [q—]
\ i=1 exp,i
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where N is the number of experimental data measurements.
3.2. Numerical modeling of equilibrium data

Table 1 summarizes the mathematical equations used to simulate
the adsorption dynamics behavior of pentane and hexane isomers in
ZIF-8. The mass transfer from the bulk gas phase to the adsorbent is
accounted by the linear driving force model (LDF), which has been used
in previous studies [23,33]. The numerical solution of the coupled
system of partial differential equations was obtained through a Matlab
code, by the method of lines (MOL) [39], being the partial differential
equations algebraically reduced to a set of ordinary differential equa-
tions (ODEs) by finite differences, using the library of dss routines [391,
including approximations from 2nd order to 10th order [40]. There-
after, the resulting system of ODEs was integrated by the stiff integrator
odel5s available in Matlab. We found in this work that the combination
of the MOL routines provided by Schiesser [40] to reduce the PDEs to
ODF:s and solve then in a Matlab code environment was very efficient.
Generally, the solution of a seven component breakthrough curve takes
about 120 s of computational time.

4. Results and discussion
4.1. Single component breakthrough experiments

The single component breakthrough curves of linear nC5 and nCé6
were measured at three different temperatures 373, 423, and 473 K,
and partial pressure up to 50 kPa. Helium is used to setup a total
pressure in the column of 101.3 kPa. Complete information on the ex-
perimental runs performed, including flowrate, mass of adsorbent,
loadings (amount adsorbed) and residence time of the gas in the bed,
are summarized in Table 2. For single component experiments, the
mean retention time obtained from a mass balance over the column can
be estimated approximately by [41]:

Table 1
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(g2
Vs £Cio (10)
where, L is the column length, ¢, is the bed porosity, v, is the su-
perficial velocity, p,is the bulk density of solid, q;, is the loading pf
species i at equilibrium conditions and Cy, is the feed gas phase con-
centration of species i at the inlet of the bed.

Figs. 2 and 3 (panels a, b, ¢, d, and e) shows the single component
breakthrough curves of the linear compounds nC5 and nC6 in ZIF-8,
respectively, plotted in terms of normalized molar flow rate F/F as a
function of time. Its respective mean retention time calculated from Eq.
(10) is also indicated in the figures. The loadings calculated from each
breakthrough curve (see Table 2) were plotted as a function of the
partial pressure in Fig. 4 (panels a and b), given rise to the adsorption
equilibrium isotherms for the linear paraffins nC5 and nCé6, respec-
tively. In the range of experimental conditions considered, at 373 and
423 K the isotherms are marked type I accordingly to IUPAC classifi-
cation [42], while at 473 K they are practically linear, especially for the
linear nC5.

Figs. 2 and 3 shows that for both components (especially at the
lowest temperature 373 K (blue curves)) a clear change in the shape of
the breakthrough concentration profiles with increasing the hydro-
carbon partial pressure (high feed concentration) is observed, where the
breakthrough curves become steeper, due to the effect of the favorable
nature of the adsorption isotherm (approaching a rectangular form
(Fig. 4)). It is also observed in Figs. 2 and 3 a slow approach to sa-
turation, which can be explained by some heat effects in the fixed bed.
At the highest temperature, 473 K (pink curves), the breakthroughs
spread along the axis of time becoming more dispersed (wide mass
transfer zone). This is due to the fact that the isotherm approaches a
linear shape at this temperature being the fixed bed dynamics domi-
nated by mass transfer resistances and axial dispersion in the bed (see
Fig. 4).

The effect of the hydrocarbon partial pressure over the mean re-
tention time is also indicated in Figs. 2 and 3. For instance, considering
the linear nC5, for the same temperature (373 K), when its feed con-
centration is lower, a longer time is required to reach the saturation of
the adsorption column, being approximately 136 min at 11.1 kPa
compared to 48 min at 53.0 kPa. This can be explained from Eq. (10)
where the ratio g,,/Cjy decreases with increasing concentration Cj in an
isotherm approaching a rectangular form since g;, is practically con-
stant, and consequently the mean retention time decreases.

Also, for the same flowrate and feed concentration the mean re-
tention time decreases significantly as temperature increases, (see
Figs. 2 and 3). This is due to the exothermic nature of adsorption
equilibrium where the amount adsorbed decrease as the temperature
increase. The same trends are also observed for the linear nC6.

Mathematical model equations to predict breakthrough curves in a fixed bed adsorption column of ZIF-8.

Fixed bed Adsorption Equations

Overall mass balance aq

Mass balance to sorbate species a

ad
EbD‘chz(C’?z

Energy balance: solid phase

Energy balance: gas phase

Mass transfer rate aq;

Sips isotherm model

Gsips,t = 9max,i

f?i tey +(1 - N 5 =0

)= 0 + g @ + (1 -
Patps G = Gphp (T = T5) + py Ty5) (—AH])
Kﬂi; _ FCpg{;; " Ebcrcpga; + (1 = ep)aphy (T — T) + achw(T — Ty)
L = kor(@* — @)

1
Gipy)™

nep 99, (5)
(6)
%q ]
" (C)]
9)
@

L
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Experimental conditions for single component breakthrough curves of linear nC5 and nC6 in ZIF-8 and loadings.

Run Temperature (K) Partial pressure Paraffin flowrate*

Helium flowrate-

Mass of adsorbent Loading (mol’kg ™) Mean retention time

(kPa) (umols ") (mm®s ") (kg x 10% (min)

nCs

11 373 11.1 0.3040 552 1.705 1.45 136
1.2 373 22.0 0.6079 49.1 1.796 2.03 101
13 373 32.5 0.9119 42.9 1.796 2.22 73.7
14 373 42.9 1.216 36.8 1.796 2.34 58.5
15 373 53.0 1.520 30.7 1.796 239 47.9
16 423 11.1 0.3040 55.2 1.796 0.642 64.0
17 423 22.0 0.6079 49.1 1.796 1.06 527
18 423 325 0.9119 42.9 1.796 1.35 45.1
19 423 42.9 1.216 36.8 1.796 1.59 39.9
110 423 53.0 1.520 30.7 1.796 1.75 35.2
111 473 11.1 0.3040 052 1.796 0.231 23.4
112 473 22.0 0.6079 49.1 1.796 0.426 21.6
1.13 473 325 0.9119 429 1.796 0.603 20.4
114 473 42.9 1.216 36.8 1.796 0.766 19.5
1.15 473 53.0 1.520 30.7 1.796 0.943 19.2
nCeé

21 373 10.0 0.2700 o522 1.705 2.15 227
22 373 20.0 0.5401 49.1 1.705 259 137
23 373 30.0 0.8101 42.9 1.705 2.73 96.3
24 373 40.0 1.080 36.8 1.705 2.79 74.0
25 373 50.0 1.350 30.7 1.705 2.80 59.6
26 423 10.0 0.2700 55.2 1.705 1.06 112
27 423 20.0 0.5401 49.1 1.796 1.75 97.7
28 423 30.0 0.8101 429 1.796 1.98 74.0
29 423 40.0 1.080 36.8 1.705 2.18 58.0
210 423 50.0 1.350 30.7 1.705 2.21 47.1
211 473 10.0 0.2700 55.2 1.796 0.432 48.6
212 473 20.0 0.5401 49.1 1.796 0.746 42.1
213 473 30.0 0.8101 42.9 1.796 1.07 40.3
214 473 40.0 1.080 36.8 1.796 1.25 35.4
215 473 50.0 1.350 30.7 1.796 1.41 31.9

* STP: Standard temperature and pressure conditions.
4.2. Multicomponent breakthrough experiments

Breakthrough experiments with equimolar septenary mixtures of
linear and branched C5/C6 isomers (nC5/iC5/nC6/2MP/3MP/23DMB/
22DMB), and equimolar quinary mixtures with C5/C6 branched iso-
mers (iC5/2MP/3MP/23DMB/22DMB) were performed analyzing the
effect of temperature to evaluate the sorption dynamics behavior of
these paraffins in ZIF-8. Additionally, breakthrough tests with C5/C6
branched isomers were also performed using different values for the
residence time of the flow gas in the bed in order to assess the influence
of this parameter on the adsorption and separation of branched paraf-
fins in ZIF-8.

4.2.1. Septenary (nC5/iC5/nC6/2MP/3MP/23DMB/
22DMB)

The screening tests considering septenary mixtures of C5/C6 iso-
mers were performed at a total hydrocarbon partial pressure of 25 kPa
(using helium to setup a total pressure in the column of 101.3 kPa) and
at the temperatures 373, 423 and 473 K. More information on the ex-
perimental conditions and loadings obtained for each compound are
given in Table 3. The experiments were conducted in order to ensure a
residence time in the bed, 73 = L/v (where v is the interstitial velocity)
of approximately 45 s at 373 K. In a previous study with C6 isomers in
ZIF-8 [33], this residence time ensure a convenient partial separation
between the mono-branched (2MP/3MP) and di-branched isomers
(22DMB/23DMB), which is the main goal in order to improve the se-
paration between high RON compounds (22DMB/23DMB) and low
RON ones (2MP/3MP).

In Table 3, one can read that the mixture loadings are

experiments

thermodynamically consistent, since at a constant total hydrocarbon
pressure (25 kPa) they decrease as the temperature increase. The ex-
perimental data clearly show that at 373 K a significant amount of
paraffins isomers can be adsorbed in ZIF-8, it being 1.93 molkg '.
However, with the increasing temperature to 473 K, the total loading
decreases to only 0.38 molkg ! (practically five times lower).

Fig. 5 (panels a, b and ¢) shows the breakthrough curves obtained at
the temperatures of 373, 423 and 473 K, respectively. Globally, the data
shown in this figure indicate that the sorption hierarchy of C5/C6
mixtures in ZIF 8 is always nC6 > nC5 > 2MP > 3MP > iC5 >

23DMB > 22DMB. It is also observed at all temperatures a different
dynamic behavior of the branched and normal paraffins in ZIF-8. The
normal paraffins (nC5 and nC6) elute from the column at a mean re-
tention time different (much higher) than the residence time of the gas
in the column, indicating that its sorption is equilibrium based. On the
other hand, the C5/C6 branched paraffins start their elution earlier,
practically at the residence time of the gas mixture in the column due to
strong diffusional limitations. However, the approach to feed con-
centration of the branched paraffins is different, since the mono-bran-
ched ones, 2MP/3MP/iC5, shows a wide mass transfer zone, in contrast
with the di-branched paraffins 23DMB and 22DMB which rapidly sa-
turate at the early stage of the experiments (narrow mass transfer zone).

Another interesting remark observed in Fig. 5a is the roll-up of the
linear nC5 isomer at the elution time of the nC6 being its concentration
almost 50% higher than the one in the feed of the column. This over-
shoot is an evidence that strong interactions occur in ZIF-8 due to
competitive adsorption with the linear nC6. When the temperature
increases (Fig. 5b and ¢), this overshoot in concentration is significantly
reduced, since the interactions occurring inside the material becomes
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1.2

b) pp =22.0 kPa
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Fig. 2. Experimental and numerical breakthrough curves for adsorption of nC5 in ZIF-8 measured at different partial pressures: (a) 11.1 kPa, (b) 22.0 kPa, (¢)
32.5 kPa, (d) 42.9 kPa, and (e) 53.0 kPa. The continuous lines represent numerical simulations.

smaller.

The ability of ZIF-8 to separate pentanes [24,25] and hexane mix-
tures [23,26-33] has been studied by several authors separately, but
none addressed mixtures of both C5 and C6 isomers. Here, such study
shown in Fig. 5a that linear isomers (nC5 and nC6) are completely
separated from its branched isomers due to sorption equilibrium, and
the mono-branched 2MP, 3MP, and iC5 partially separated from the di-
branched ones (23DMB and 22DMB), via a kinetic mechanism due to
different diffusional time constants. When the temperature increase in
the fixed bed, the degree of separation by classes (linear/mono/di)
decreases because the mono-branched fraction becomes to be con-
taminated by the linear nC5 which elution time decreases, reaching also

the inlet concentration (saturation) first than the mono-branched
hexane compounds (Fig. 5b and c).

Another important remark that can be retained from these experi-
ments is that the mono-branched isomer isopentane (iC5) has an elution
time close to the mono-branched hexanes (2MP and 3MP). The pre-
sence of iC5 together with the mono-branched hexane isomers at the
outlet of the column represents a drawback in view of the octane im-
provement of gasoline, since this component has a much higher RON
(92.3) than the mono branched 2MP (73.4) and 3MP (74.5). An im-
proved adsorptive pentane/hexane separation process for the octane
improvement of gasoline would selectively isolate the most valuable
paraffins, 23DMB (RON 101.7), 22DMB (RON 91.8) and iC5 (RON
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Fig. 3. Experimental and numerical breakthrough curves for adsorption of nC6 in ZIF-8 measured at different partial pressures: (a) 10.0 kPa, (b) 20.0 kPa, (¢)
30.0 kPa, (d) 40.0 kPa, and (e) 50.0 kPa. The continuous lines represent numerical simulations.

92.3) with higher RON from the other low RON isomers.

4.2.2. Quinary experiments (iC5/2MP/3MP/23DMB/22DMB)

In light of the previous septenary experiments results and in order to
check the adsorption behavior of ZIF-8 without the presence of the
linear isomers nC5 and nC6, screening tests considering only branched
isomers were performed. The breakthrough curves were measured at
the same conditions of the septenary experiments being the loadings
given in Table 3.

These breakthrough curves shown in Fig. 6 (panels a, b and c)
present the same sorption hierarchy observed in Fig. 5, it being
2MP > 3MP > iC5 > 23DMB > 22DMB. Fig. 6 also shows that isn't

feasible to obtain a complete separation between mono-branched and
di-branched isomers, since both fractions start eluting at the residence
time of the mixture in the packed column, which means that the frac-
tion of di-branched isomers will be always contaminated with the
mono-branched ones. It can be also concluded that removing the linear
nC5 and nC6 doesit change the sorption behavior of the branched
paraffins.

4.2.3. Influence of residence time of the gas on adsorption behavior of
branched C5/C6 isomers

Since the adsorption of C5/C6 branched isomers in ZIF-8 is kineti-
cally controlled, the contact time of the gas with the adsorbent in the
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Fig. 4. Adsorption equilibrium isotherms for linear paraffins in ZIF-8: (a) nC5
and (b) nC6. The continuous lines represent the Sips model predictions.

packed column is a parameter of extremely importance that can be
exploited for the separation of C5/C6 isomers. Due to the very slow
diffusion of the branched isomers (especially 22DMB and 23DMB), a
partial separation between mono- from di-branched isomers can be
achieved if this parameter is correctly setup [33]. Thus, in order to
analyze this effect, we measured equimolar breakthrough curves of C5/
C6 branched isomers at a fixed total hydrocarbon pressure of 25 kPa,
temperature of 423 K at three different residence time of the gas: 22,
40, and 79 s. The experimental breakthroughs are shown in Fig. 7
(panels a, b and c), respectively, and the experimental conditions and
loadings reported on Table 4. For a direct comparison, the break-
through curves are plotted in terms of the ratio of the normalized molar
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fraction of each isomer as a function of the molar amount of each
isomer fed to the column per unit mass of adsorbent, being the x axis
represented by the Equation (11):

LB [ min.mol; } _ [moll}
Mags kgads- min kgads (11)

Fig. 7 clearly shows that the residence time of the gas changes the
sorption dynamics of the branched isomers in ZIF-8. At the lowest re-
sidence time of the gas 22 s (Fig. 7a), 22DMB and 23DMB are practi-
cally excluded from the fixed bed since they elute and saturate practi-
cally at the residence time. When the residence time increases (Fig. 7b
and c) it is clear that apart from starting their elution practically at the
residence time their approach to saturation conditions is delayed
meaning that they start to become adsorbed in the bed with an increase
of the mass transfer zone. For example, at the residence time 79 s
(Fig. 7¢) the saturation of 23 DMB is reached only after a feed of
0.4 mollkgads’l. Similar analysis can be observed for the other com-
pounds. For example, fixing a fed value of 0.2 rnol-kgads_l, we can
observe that the breakthrough curve shows a concentration of 2MP that
is 60% of inlet at the residence time 79 s (Fig. 7c) which compares to a
value of 80% at a residence time of 22 s (Fig. 7a).

This behavior results in different loadings as the residence time of
the hexane isomers changes in the fixed bed as can be read in Table 4.
Accordingly, the calculated loadings at a residence time of 79 s for the
mono-branched isomers are around 30% higher than at a residence
time of 22 s. Then, one can say that as higher is the contact time, higher
is the adsorption of the mono-branched isomers, and higher is the de-
gree of separation between mono from di-branched isomers. It should
also be noted, that at the lowest residence time (22 s), both di-branched
isomers 23DMB and 22DMB were practically excluded from fixed bed.

These results show the great importance of correctly selecting the
residence time of linear/branched paraffins in a fixed bed containing
ZIF-8, which can result in a complete exclusion of branched paraffins if
a very low residence time is setup. This effect has been shown by
Mendes et al [23], where spontaneous breakthrough curves were ob-
tained for all branched hexane isomers in a residence time of ap-
proximately 4 s.

4.3. Modelling adsorption isotherms

The loadings of each compound obtained from single (Section 4.1,
Table 2) and multicomponent experiments (Sections 4.2.1 and 4.2.2,
Table 3) were fitted with the Sips model isotherm (Eq. (1)). The single
component isotherms for the linear nC5 and nC6 isomers in ZIF-8 fitted
with the Sips model are shown in Fig. 4 by the continuous lines, where a
reasonable agreement between model and experimental data is ob-
served. Table 5 gives the parameters and the mean relative deviation
between model and experimental data. The isotherms shown in Fig. 5
can be assumed as the representative of the system since they were

Table 3
Experimental conditions for multicomponent equimolar breakthrough curves of C5/C6 isomers in ZIF-8 and loadings.
Run Temp. (K) Helium Total C5/C6 Total C5/C6 Mass of Loading (molkg % 109 Total
flowrate* flowrate* pressure (kPa) adsorbent loz:lding(rnol-kg’l X 102)
(mm3s 1) (umol:s 1) (kg x 10%)
iC5 nC5 22DMB 23DMB 3MP 2MP nCé6
Septenary mixture
21 373 46.0 0.6751 25.0 1.796 5.63 429 0.568 1.66 121 20.0 110 193
22 423 46.0 0.6751 25.0 1.796 4.76 18.3 0.628 1.50 8.24 139 476 949
23 473 46.0 0.6751 25.0 1.796 3.64 6.57 0.585 1.36 421 695 14.2 375
Quinary mixture
31 373 46.0 0.6751 25.0 1.796 9.68 - 1.28 2.34 174 276 - 58.3
32 423 46.0 0.6751 25.0 1.796 6.74 - 0.855 1.84 11.1 164 - 36.9
3.3 473 46.0 0.6751 25.0 1.796 542 - 0.691 1.72 6.32 106 - 24.8

* STP: Standard temperature and pressure condition.
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Fig. 5. Experimental and numerical breakthrough curves for a septenary
equimolar mixture of pentane/hexane isomers in ZIF-8 at hydrocarbon total
pressure of 25.0 kPa: (a) 373 K, (b) 423 K and (c¢) 473 K. The continuous lines
represent numerical simulations accounting for strong intracrystalline diffu-
sional resistances for branched isomers (Dnce/Dics, Dnce/Damp, Dnce/
Dapp = 100, Dyce/Daspms = 150, and Dyee/Daopms = 300).

obtained from breakthrough curves measured under equilibrium con-
ditions. For the branched paraffins similar isotherms can be only ob-
tained in a batch experimental system, since fixed bed adsorption is
kinetically controlled. In such conditions we can only obtain pseudo
adsorption equilibrium isotherms since as the residence time of the gas
changes in the column the loading also changes as can be observed in
Fig. 7 and Table 4.
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Fig. 6. Experimental and numerical breakthrough curves for a quinary equi-
molar mixture of branched pentane/hexane isomers in ZIF-8 at hydrocarbon
total pressure of 25.0 kPa: (a) 373 K, (b) 423 K and (c) 473 K. The continuous
lines represent numerical simulations accounting for strong intracrystalline
diffusional resistances for branched isomers (D,cs/Dics, Dncs/Dompe, Dnce/
Damp = 100, Dpcs/D2spms = 150, and Dypce/Dazpme = 300).

The parity plot with the loadings of model predictions plotted as a
function of the experimental loadings is disclosed in Fig. 8 for the
sorption of C5 and C6 isomers, showing the good ability of the Sips
isotherm to represent such experimental data.
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Fig. 7. Experimental breakthrough curves for adsorption of branched pentane/
hexane isomers in ZIF-8 measured at different residence times at 423 K and
hydrocarbon total pressure of 25.0 kPa: (a) 22 s, (b) 40 s, and (c) 79 s.

4.4. Numerical Modelling of breakthrough curves

All experimental data, single (Section 4.1, Figs. 2 and 3) and mul-
ticomponent (Section 4.2, Figs. 5 and 6) breakthrough curves, were
simulated with the dynamic adsorption model described in the Section
3.2. The results of the numerical simulations are represented in these
figures by the continuous lines.

The simulations of single component breakthrough curves were

10
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conducted ensuring moderate diffusional limitations, being D./rc% equal
to 0.002 s~ ! at 373 K for both components nC5 and nC6. It can be seen
that a good agreement between numerical and experimental data is
observed, with the model capturing the shape of the breakthrough
curves. All model parameters used for the simulations of pure compo-
nent breakthrough curves are summarized in Appendix A.

For the multicomponent experiments, the simulations of the
breakthrough curves were performed in two ways: (1) accounting for
strong intracrystalline diffusional resistances (low diffusivities) for the
branched isomers (iC5, 2MP, 3MP, 23DMB and 22DMB) Figs. 5 and 6,
and (2) accounting for moderate diffusional resistances and equal for all
isomers (high diffusivities), Figs. A2.1 and A2.2 of the Appendix A. In
Figs. 5 and 6, the differences between the diffusional resistances of the
isomers in ZIF-8 is accounted by the ratios (D,ce/Dncs)s (Dnce/Dics)s
(Duce/Damp); (Ducs/Damp), (Ducs/D2apmp)s and (Dycs/ D2apmp), while in
the Appendix A it can be seen the scenario when these ratios are all
equal to 1.

Table 6 summarizes the ratios of intracrystalline diffusivities used in
the best fit to the experimental data. Equal diffusivities were found for
linear nC5 and nC6 (Dyce/Dpcs = 1), being 100 times higher than for
the mono-branched isomers (D,ce/Dics = Dnce/Damr = Duce/
D3mp = 100), 150 times higher than for the di-branched 23 DMB (Dyce/
Dyspme = 150) and 300 times higher than for the 22DMB (Dyce/
Dsopme = 300). The activation energy for diffusion (— AEp;) for all C5/
C6 isomers, calculated from an Arrhenius law temperature dependence
is of approximately 20 kJ-mol ~*.

In Figs. 5 and 6 it is possible to see that the mathematical model
qualitatively captures the profile of the breakthrough curves in the most
of cases. However, the numerical model shows some difficulties to re-
present the multicomponent experimental data at the lowest tempera-
ture (Fig. 5a) where the interactions occurring inside the material due
to competitive adsorption for preferential sites are higher, making dif-
ficult the match of the breakthrough curves profiles and overshoots.
Probably, to better represent the breakthroughs at the lowest tem-
perature, a robust adsorption model is necessary which will require a
more detailed mass transfer mechanism, and refined thermodynamic
model to account for the interactions between the adsorbed molecules.
Nevertheless, the numerical simulations show that the simple LDF
model and the empirical Sips isotherm can describe in a comprehensive
manner the main features that governs the sorption phenomena of
complex mixtures of C5/C6 isomers in ZIF-8, being a valuable tool to
design cyclic processes. All model parameters used for the numerical
simulations of multicomponent breakthrough curves are also summar-
ized in Appendix A.

5. Conclusions

The adsorption dynamics of pentane nC5/iC5 and hexane nC6/
2MP/3MP/23DMB/22DMB isomers in zeolitic imidazolate framework
ZIF-8 was evaluated through a series of breakthrough experiments for
single, quinary and septenary mixtures. Adsorption equilibrium iso-
therms for linear nC5 and nC6 were measured from the single compo-
nent breakthrough curves.

The screening studies based on the septenary mixture nC5/iC5/
nC6/2MP/3MP/23DMB/22DMB showed a complete separation of
linear isomers nC5 and nC6 from the branched paraffins, especially at
373 K. A partially separation between mono- and di-branched isomers
is also achieved. When the temperature increases to 473 K, the se-
paration by classes is affected, with the nC5 isomer reaching the sa-
turation even before the mono-branched ones.

The quinary experiments dealing with only branched isomers iC5/
2MP/3MP/23DMB/22DMB evidences the partial separation of mono-
from di-branched isomers. It is also clear, that isiit feasible to obtain a
pure fraction of di-branched isomers, since a contamination with the
mono-branched alkanes will always occur. In addition, the experiments
also evidence that the iC5 elutes from the column closer to the mono-



A. Henrique, et al.

Table 4
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Experimental conditions and loadings for the multicomponent equimolar breakthrough curves of C5/C6 branched isomers in ZIF-8 at three different residence times.

RUN Residence Temp. (K) Helium Total C5/C6 Total C5/C6 Mass of adsorbent  Loading (mol'kg ™" x 10%) Total loading
time (s) flowrate* flowrate* pressure (kPa) (kg x 107 (molkg ' x 10%)
(nm*s ™) (umols™)
iC5 22DMB 23DMB 3MP 2MP

41 22 423 83.3 1.223 25.0 1.796 5.45 - 1.21 8.95 14.8 30.4

32 40 423 46.0 0.6751 25.0 1.796 674 0.855 184 111 164 369

42 79 423 23.0 0.3375 25.0 1.796 8.60 1.30 393  13.2 205 47.5

* STP: Standard temperature and pressure condition.
branched hexanes, which can be a major drawback in view of the oc- 3.0 =
tane upgrading of gasoline, since this component has a high RON
content of 92 compared to 73.4 and 74.5 for the 2MP and 3MP isomer, 254 .
respectively. e -

It is also shown the effect of the residence time of the gas in the & i
sorption dynamics of the branched paraffins, where at the lowest re- = =
sidence time of the gas studied (22 s) 22DMB and 23DMB are practi- E
cally excluded from the fixed bed since they elute and saturate practi- £154 * o
cally at the residence time. However, at a residence time of 79 s 23DMB :3 - % nCs
saturates only after 0.4 molkg.s, * has been fed to the column. _g 1o e IMP
The equilibrium data collected from breakthrough curves is well g ¢ 3MP

represented by the Sips isotherm. The fitted parameters were used in a —g_ < iC5
mathematical model for fixed bed adsorption to simulate breakthrough @ 0.5 - 4 23DMB
experiments. From the numerical simulations, it was proved that the v 22DMB
sorption of linear paraffins nC5 and nCé6 is essentially equilibrium 0.0 . : : . :
based, instead of the sorption of branched isomers which is kinetically 0.0 0.5 1.0 1.5 2.0 2.5 3.0

driven. The best match of the breakthrough curves using a LDF kinetic
model for mass transfer gives the following ratios of diffusivities: Dyce/
Dncs 1; Ducs/Dics = Duce/Damp = Dnce/Damp = 100, Dpgs/
Dyspme = 150, and Dyee/Daapye = 300-

Finally, from the adsorption studies performed in this work we can
conclude that, if experimental conditions are carefully setup, such as
residence time and temperature, ZIF-8 is suitable to completely sepa-
rate the linear nC5 and nC6 from its isomers and partially separate
mono-branched from di-branched isomers.
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Sips isotherm parameters for the sorption of pentane/hexane isomers in ZIF-8 and mean relative deviation between model predictions and experimental data.

Sips Parameters Pentane isomers

Hexane isomers (values taken from [33])

nC5 iC5 nCé 2MP 3MP 23DMB 22DMB
quvi[mul-kg”) 3.15 1.10 3.30 2.50 2.30 0.950 0.750
— AHj(kJmol 1Y) 34.4 223 41.6 25.2 23.0 21.0 17.8
nyo* 1.21 1.29 1.33 1.31 1.28 1.09 0.928
aj 0.971 0.198 1.34 0.722 0.829 0.250 0.133
Temperature 373 K
niy 1.21 1.29 1.33 1.31 1.28 1.09 0.928
by (MPa~—1) 88.0 25.0 270 43.5 27.0 16.0 11.1
Temperature 423 K
i 1.06 1.25 1.10 1.18 1.14 1.06 0.914
bi(MPa 1) 23.7 10.7 55.3 16.6 11.2 7.18 5.65
Temperature 473 K
n3 0.968 1.22 0.97 1.09 1.04 1.03 0.904
bi(MPa~1) 8.44 5.49 15.8 7.80 5.64 3.82 3.31
Aq 0.0273

* The reference temperature used was Iy = 373 K.

1
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Table 6
Ratio of diffusivities for the sorption of pentane/
hexane isomers in ZIF-8.

Diffusivity ratios

Dpcelr? 0.00200s '
Dncs/Dncs 1.00
Dnce/Dics 100
Dnce/Damp 100
Dnce/Damp 100
Dnce/Da3pma 150
Dnce/Dazpms 300

Values calculated at 373 K.
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