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A multiscale modeling study is reported on the adsorption of ethanol/water in five zeolitic—imidazolate frameworks
(ZIFs) for biofuel purification. The ZIFs (ZIF-68, —69, —78, —79, and —81) have isoreticular Gmelinite topology but
differ in organic linkers. The simulated adsorption isotherms of ethanol and water in ZIF-68 agree fairly well with
experimental data. At a low pressure, ZIF-78 exhibits the highest uptake due to strong hydrogen-bonding between
—NO, groups and adsorbates. The heats of adsorption at infinite dilution largely follow the trend of binding energies
estimated from ab initio calculations. At a high pressure, the uptake is governed primarily by free volume but also
affected by hydrogen-bonding. Among the five ZIFs, ZIF-79 with hydrophobic —CHj3 groups shows the highest adsorp-
tive selectivity for ethanol/water mixtures. This study provides microscopic insights into the adsorption and separation
of ethanol/water in ZIFs, and would facilitate the development of new ZIFs for biofuel purification. © 2015 American

Institute of Chemical Engineers AIChE J, 61: 2763-2775, 2015
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Introduction

It is a great pleasure to dedicate this manuscript to Profes-
sor John M. Prausnitz as a tribute to his tremendous and pro-
found impact on molecular thermodynamics and chemical
engineering science. I (JJ) was fortunate to have the privi-
lege to work with him as a research fellow during 1998-
1999. The time in Berkeley is always highly memorable. I
enjoyed and treasured the technical or nontechnical meetings
with John in 308 Gilman Hall, which were truly enriching
and inspiring not only in science and engineering but also in
art and music. From John, I benefited enormously on how to
strike out for new ideas, identify right methods, find appro-
priate colleagues for consultation, improve writing skills, etc.
After I left Berkeley and even when I am now in the Eastern
Hemisphere, John always generously offers his strong sup-
port, valuable advice, and constant encouragement for my
research and personal life. For all these, I am extremely
grateful!

Since the industrial revolution, CO, concentration in the
atmosphere has increased by 43% (from 280 to 400 ppm)
due to the intensive combustion of fossil fuels. This has led
to the rise of global surface temperature and detrimental
effects on environment.! In the last decade, there has been
considerable scientific and commercial interest worldwide to
develop renewable energy resources such as biofuels.” With
less emission of gaseous pollutants than fossil fuels, biofuels
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are environmentally more benign and carbon neutral. They
can be produced from the largely available biological feed-
stock, and thus, have a great potential to replace fossil
fuels.® It has been projected that biofuel production will dou-
ble from 75 bn litres in 2010 to 160 bn litres in 2019.* Cur-
rently, most biofuels are produced through fermentation with
a low concentration of alcohol in aqueous medium.”® Tt is a
prerequisite to separate alcohol/water mixtures to produce
fuel-grade biofuels.

Distillation is a conventional technology for the separation
of alcohol/water mixtures; however, it involves energy-
intensive boiling and condensing processes.7 In addition, azeo-
tropic mixtures that are commonly formed by alcohol and
water cannot be simply separated by distillation. In this con-
text, adsorption in porous materials turns out to be an energy-
efficient and cost-effective technology. Various materials such
as activated carbons, polymeric resins, and zeolites have been
tested for the separation of alcohol/water, whereas their
adsorption capacity and/or selectivity are not satisfactory.®’

In an adsorption process, the separation efficacy is gov-
erned primarily by adsorbent. An ideal adsorbent should pos-
sess large surface area and pore volume, as well as high
capacity and selectivity. Emerged as a new class of porous
materials, metal-organic frameworks (MOFs) have received
tremendous interest over the past a few years.'” They can be
synthesized by the judicious selection of inorganic and
organic building blocks, and further modified by postsyn-
thetic method. The degree of diversity and multiplicity in
MOF structures is substantially more extensive than any
other porous materials. Consequently, MOFs have been con-
sidered versatile materials for storage, separation, catalysis,
etc.'" Nevertheless, most current studies for MOFs have
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Figure 1. Atomic structures (2 x 2 unit cells) of ZIF-68, —69, —78, —79, and —81. ZnN,: orange polyhedron, C:
cyan, O: red, N: blue, Cl: green, Br: brown, H: white.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

been focused on the storage of low-carbon footprint energy
carriers (e.g., Hy and CHy,) and the separation of CO,-con-
taining gas mixtures.'>”'* There are only few studies exam-
ining MOFs for the separation of alcohol/water. For
example, the adsorption isotherms of alcohol/water were
experimentally measured in zeolitic-imidazolate framework
(ZIF-8) and compared with those in carbon and silicalite.'
Based on the adsorption of C;—C, alcohols and water, the
selectivity of alcohol/water was predicted in ZIF-8, ZIF-71,
and ZIF-90."®!'7 The separation of ethanol/water was simu-
lated in hydrophilic Na-rho-ZMOF and hydrophobic
Zn40(bdc)(bpz)2,18 as well as in several ZIFs (ZIF-8, —25,
=71, —90, —96, and —97) with various functional groups.19
These simulation studies reveal that the hydrophobicity and
functionality of MOFs play a crucial role in the separation
of alcohol/water in MOFs.

In this study, we further investigate the adsorption of etha-
nol/water in five ZIFs (ZIF-68, —69, —78, —79, and —81) for
biofuel purification. While this and previous studylg are both
focused on ZIFs, they differ largely in three aspects. First, two
different topologies (Sodalite and Rho) were previously con-
sidered and they come into play together with functional
groups. In contrast, the five ZIFs here possess isorecticular
Gmelinite (GME) topology, thus, we can unambiguously elu-
cidate the effects of organic linkers without the complex influ-
ence of topology. Second, multiscale modeling from ab initio
calculations to molecular simulations is adopted in this study
to fundamentally understand the microscopic interactions
between adsorbates and ZIFs. Third, the mobility of adsorbates
is also examined here in addition to equilibrium properties.

In Models section, the atomic models of ZIF-68, —69,
=78, —79, and —81, as well as adsorbates are briefly
described. The ab initio calculations and molecular simula-
tions are outlined in Methods section, including Monte Carlo
and molecular dynamics (MDs) techniques. In Results sec-
tion, the adsorption isotherms, isosteric heats, radial distribu-
tion functions, density distributions, hydrogen-bonds, and
mean-squared displacements (MSDs) of ethanol and water
are presented; furthermore, the binding energies of ethanol
and water with different organic linkers in the five ZIFs are
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examined. Then, the adsorption isotherms and selectivities of
ethanol/water mixtures are reported. The concluding remarks
are summarized in Conclusions section.

Models

ZIFs are structurally similar to zeolites wherein the tetrahe-
dral Si/Al nodes and O bridges are replaced by metal ions
(usually Zn or Co) and imidazolate linkers, respectively. Fig-
ure 1 shows the atomic structures of ZIF-68, —69, —78, —79,
and —81, all with the GME topology.”**' Each tetrahedral
ZnN, cluster is connected to two 2-nitroimidazole (nlm) and
two substituted benzimidazole (blm) linkers. The five ZIFs
consist of different substituted bIm linkers, which are blm,
5-chlorobenzimidazole (cbIm), S-nitrobenzimidazole (nbIM),
5-methylbenzimidazole (mbIm), and 5-bromobenzimidazole
(brbIm) in ZIF-68, —69, —78, —79, and —81, respectively.
Therefore, ZIF-69, —78, —79, and —81 can be considered as
the functionalized counterparts of parent ZIF-68. As illustrated
in Figure S1 of the Supporting Information, three types of
cages exist in each ZIF, including small /spr, medium gme,
and large kno. Six —NO, groups of nIm linkers point into the
hpr cages, while the substituted bIm linkers reside inside the
kno cages.

There are two types of one-dimensional (1-D) intercon-
nected pores in the GME—ZIFs. The large pores comprise
kno cages, while the small pores contain alternating gme and
hpr cages. The large pores are nonpolar except ZIF-78, in
which the —NO, groups of nblm linkers are inside the kno
cages, and thus, its large pores are polar; however, the small
pores are less nonpolar. In a unit cell, one large and two
small pores are present. Figure 2 shows the pore morpholo-
gies and diameters in ZIF-68 (see Supporting Information
Figure S2 for ZIF-69, —78, —79, and —81). The diameters
of cage (d.) and aperture (d,) were calculated from the
HOLE program.22 The accessible surface area, free volume,
and porosity in each ZIF were calculated by in-house code.
Specifically, N, with a kinetic diameter of 3.64 A was used
as a probe to estimate the accessible surface area S, by roll-
ing the probe over framework surface.”® The free volume V;
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Figure 2. Pore morphologies and diameters in ZIF-68.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

was estimated by randomly inserting He, a nonadsorbing spe-
cies, into framework.?* The ratio of free volume over frame-
work volume gave the porosity ¢. Table 1 summarizes the
structural characteristics of ZIF-68, —69, —78, —79, and
—81. Due to the isoreticular topology, the five ZIFs have
nearly identical dimensions (lattice constants). The estimated
surface areas generally agree well with experimental data, par-
ticularly in ZIF-68 and —69. However, the values in ZIF-78,
—79, and —81 are overestimated. The reason is that experi-
mental samples might contain impurities, which would lead to
smaller measured surface areas. Among the five ZIFs, ZIF-68
has the largest surface area, free volume, and porosity. This is
because these quantities are reduced on substituting the blm
linker in ZIF-68 by bulkier linkers. Moreover, the pore diame-
ters (both d. and d,) in ZIF-68 are the largest compared with
the other four ZIFs. The aperture diameter d, in the five ZIFs
ranges from 3.6 to 4.3 A In principle, a guest molecule with
size larger than d, cannot enter into the pores. Nevertheless,
ZIF structures are not completely rigid, as their apertures can
fluctuate and hence allow larger molecules to enter. Indeed, it
was experimentally reported that ZIF-68 can accommodate
C,—C¢ alcohols, Cq alkane isomers, and aromatics with

Table 1. Structural Characteristics of ZIF-68, —69,

kinetic diameter substantially larger than its aperture size.*”*

Similarly, this phenomenon also occurs in other ZIFs. For
example, CHy, CoHg, C3Hg, and C4H;o with kinetic diameter
up to 5.0 A are able to adsorb and diffuse in ZIF-8 with aper-
ture size of 3.4 A. 2728

The nonbonded interactions of ZIF atoms were repre-
sented by Lennard—Jones (LJ) and Coulombic potentials

12 6
_ (%) (% 49
Unonbonded = Z 42y [ (r,-j) <r,-j) } " Z dmeor; M

where ¢; and o;; are the well depth and collision diameter, r;;
is the distance between atoms i and j, ¢; is the atomic charge
of atom i, and &, = 8.8542 X 1072 C> N ' m™2 is the per-
mittivity of vacuum. In the literature, the DREIDING? and
universal force field (UFF)30 are commonly used to mimic
the LJ potential in MOFs. In this study, three different force
fields including DREIDING, UFF, and AMBER®' were
examined for ethanol and water adsorption in ZIF-68, and
the one with the best matching with experimental data was
used for the other four ZIFs. Supporting Information Table
S1 lists the LJ parameters of ZIF atoms based on these three

=178, =79, and —81 [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

ZIF-68 ZIF-69 ZIF-78 ZIF-79 ZIF-81
Organic linker ¢ ¢ C ¢ ¢
A A : A A
TN o YY) ’L‘kl} Doz L
. .l,\? I A b v 3 p e g 2\? -
. bim . cbim ¢ nblm  mblm { brbim
55 G G ¢ 2,
° < nim < nim < nim “ nim © nim
Dimensions (A) a =26.6407 a = 26.0840 a=26.1174 a=125.9263 a=25.9929
b =26.6407 b =26.0840 b=126.1174 b=25.9263 b=26.4422
¢ =18.4882 ¢ =19.4082 c=19.4910 c=19.6532 c=18.9703

1.175 (1.198)
790.01 (620)

1.074 (1.075)
880.88 (810)

1.291 (1.302)
875.48 (760)

p (g em ™) 1.032 (1.047) 1.146 (1.295)
S, (m? g™ 1083.56 (1090) 950.38 (950)
Vi (em® g ) 0.458 0.387
¢ . 0.473 0.444
hpr d, (A) 43 3.7
d. (A) 4.6 4.0
gme d, (A) 4.3 3.7
d. (A) 8.2 8.1
kno d, (A) 8.0 (7.5) 5.8 (4.4)
d. (A) 10.8 (10.3) 8.6 (7.8)

0.360 0.375 0.339
0.423 0.403 0.438
36 37 3.6

4.0 4.1 4.0

36 37 3.6

4.7 6.0 7.4

4.5 (3.8) 5.6 (4.0) 4.7 (3.9)
8.8 (7.1) 8.9 (7.5) 7.5 (1.4)

p: density, S,: surface area, Vy: free volume, ¢: porosity
Experimental data’*?' are in parentheses.
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force fields. The atomic charges of ZIFs were calculated by
density functional theory (DFT) using GAUSSIAN 09.*% As
demonstrated in Supporting Information Figure S3, a frag-
mental cluster was adopted in the DFT calculation for each
ZIF. The Becke exchange plus the Lee—Yang—Parr functional
(B3LYP) was implemented, and the 6-31G(d) was used for
all the atoms except Zn atoms for which the LANL2DZ
basis set was used. By fitting to the electrostatic potentials
using CHELPG scheme, the atomic charges were estimated
as listed in Supporting Information Table S2.

Ethanol (EtOH) was represented by a united-atom model
with each CH, as a single interaction site. The potential
parameters were adopted from the transferable potentials for
phase equilibria (TraPPE) force field, which was fitted to the
critical properties and vapor—liquid equilibria of hydrocar-
bons.** The bond lengths of EtOH were fixed, while the
bending potential was described by

Ubending = Z % ko (91fk - 621{) ’ @

where kg is force constant; 0;; is bond angle; and 02,( is the
equilibrium value. In addition, the torsional potential was
described by

Utorsional () =co+c1[1+cos @] +cz[1—cos (2¢)]
+c3[1+cos (3¢)] 3)

where ¢; (i=0, 1, 2, and 3) are force constants. Water
(H,0) was mimicked by the three-point transferable interac-
tion potential model (TIP3P),** which gives reasonably good
interaction energy compared with experimental value. Sup-
porting Information Table S3 gives the potential parameters
of EtOH and H,0. The cross interaction parameters between
ZIFs and adsorbates were estimated by the Lorentz-Berthelot
combining rules.

Methods
Ab initio calculations

The five GME—ZIFs share the same nIm linker but differ in
the substituted bIm linkers. To quantify the role of the substi-
tuted blm linkers, their binding energies with a single EtOH
or H,O molecule were calculated by ab initio method using
GAUSSIAN 09.* Specifically, the second Mpgller—Plesset
perturbation method was adopted. First, the structures of a
substituted bIm linker, an adsorbate molecule, and their com-
plex were optimized separately at 6-31G basis set. Then, the
single-point energy was calculated at a larger basis set of aug-
cc-PVDZ. Finally, the binding energy was calculated by

AE=Eg—(EA+Eg) 4

where A or B represents a linker or an adsorbate, and AB
refers to linker-adsorbate complex. The basis set superposi-
tion errors were corrected by the counterpoise method.®

Molecular simulations

The adsorption of pure EtOH and H,O as well as their
mixtures in ZIF-68, —69, —78, —79, and —81 was simu-
lated by grand canonical Monte Carlo (GCMC) method.*®
The bulk phase was considered as a vapor for pure compo-
nents, but a liquid for EtOH/H,O mixtures to mimic biofuel.
In EtOH/H,O liquid mixtures, the fugacity of component i
was estimated by
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__ psat_jsat A
fi=Pi¢; Xi/iexp< RT
where P is saturation pressure, (j)?m is fugacity coefficient, X; is
mole fraction in liquid phase, 7, is activity coefficient, V; is partial
molar volume, P and T are operating pressure and temperature.
¢ and the Poynting factor are approximately equal to unity
under the conditions examined here.

In each ZIF, the simulation box contained 12 (2 X 2 X 3)
unit cells and the periodic boundary conditions were exerted
in 3-D. It has been demonstrated that structural flexibility has
a negligible effect on alcohol adsorption in ZIFs,*”*® thus, the
ZIF structures were assumed to be rigid. A spherical cutoff of
15 A was used to evaluate the LJ interactions with long-range
corrections added. For the Coulombic interactions, the Ewald
sum with a tin-foil boundary condition was used. The real/
reciprocal space partition parameter and the cutoff for recipro-
cal lattice vectors were 0.2 A~ ! and 8, respectively, to ensure
the convergence. Five types of trial moves were randomly
attempted in the GCMC simulations, namely displacement,
rotation, partial regrowth at a neighboring position, complete
regrowth at a new position, and swap between reservoir
including creation and deletion with equal probability. The
total number of trial moves in a typical simulation was 4 X
107, in which the first half were used for equilibration and the
second half for ensemble averages. In MC simulations of asso-
ciating fluids such as EtOH and H,O, it is important to
improve sampling efficiency by unconventional method.*
Here, the configurational-bias MC technique was adopted, in
which adsorbate molecules were grown atom-by-atom biasing
toward energetically favorable configurations while avoiding
overlap with other atoms.>® For pure EtOH or H,O, 15 and 10
trial positions were generated for the first and subsequent
atoms, respectively, with a probability proportional to
exp(—pU. .a), where f=1/kgT and Ui . is the intramolecu-
lar interaction energy at a position i. Then, one of the trial
positions was chosen with a probability proportional to
exp (—BUler)/ Diexp (= UL, ), where Ul is the inter-
molecular interaction energy. For EtOH/H,0O mixtures, 20 and
15 trial positions were generated for the first and subsequent
atoms, respectively. A modified version of BIGMAC* code
was used for the GCMC simulations.

To estimate the mobility and hydrogen-bonds (H-bonds)
of adsorbates in the ZIFs, MDs simulations were conducted
using GROMACS v.4.5.*' The mobility was quantified by
MSD. An H-bond was counted if the donor and acceptor dis-
tance <3.5 A and the acceptor—donor-hydrogen angle < 30°.
The initial configurations for MD simulations were taken
from the final ones of the above GCMC simulations. Tem-
perature was maintained by the Nosé—Hoover method with a
relaxation time of 0.1 ps. The LJ interactions were evaluated
with a cutoff of 12 A, while the Coulombic interactions
were calculated by the particle-mesh-Ewald technique with a
grid spacing of 0.12 and a fourth-order interpolation. A lin-
ear constraint solver was used to constrain the bond lengths
of EtOH and H,O molecules. Each MD simulation duration
was 12 ns, wherein the first 2 ns for equilibration and subse-
quent 10 ns for production. The potential and kinetic ener-
gies were monitored to ensure equilibration.

Results

First, the adsorption properties of pure EtOH and H,O in
ZIF-68, —69, —78, —79, and —81 are presented including
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Figure 3. Adsorption isotherms of EtOH in ZIF-68 at
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

isotherms, isosteric heats, density distributions, radial distri-
bution functions, H-bonds, and MSDs, as well as the binding
energies with different organic linkers. From these compre-
hensive analyses, the effects of organic linkers are quantita-
tively evaluated. Then, the adsorptive separation of EtOH/
H,O mixtures is examined and the highest selectivity among
the five ZIFs is identified.

Pure EtOH

Figure 3 shows the adsorption isotherms of EtOH in ZIF-
68 at 323 K. The saturation pressure Py, at 323 K is approx-
imately 29.3 kPa.*> In general, the predictions by the UFF,
DREIDING, and AMBER match fairly well with the avail-
able experimental data.>> While the measured values at low
pressures are overestimated by the three force fields, the
DREIDING gives the best matching. At high pressures, the
saturation capacity is slightly underestimated. These devia-

—A— ZIF-78 [
—o—2IF68 [
—%—2ZIF81 ]
—8—ZIF69 o4 [
—%—ZIF-79
0.01 = i
0.00001  0.001 0.1
0 2 4 6 8
P (kPa)

tions might be due to two plausible factors: (a) the presence
of structural defects or intercrystalline pores in experimental
samples, thus, the measured extent of adsorption is smaller
at low pressures but greater at high pressures compared with
a perfect crystal as used in the simulation; (b) the three force
fields are general for a wide range of systems but not spe-
cific for the ZIFs considered here, thus, a more accurate
force field is desirable. Along with our previous study for
the adsorption of C;—C, alcohols in ZIF-8,>” the DREID-
ING appears to outperform over the UFF, and AMBER for
alcohol adsorption in ZIFs. Consequently, the DREIDING
was further used for the simulations in the other four ZIFs
(ZIF-69, —78, —79, and —81).

The simulated adsorption isotherms of EtOH in ZIF-68,
—69, =78, =79, and —81 at 298 K are shown in Figure 4a.
Over the entire pressure range, the isotherms belong to type I.
Nevertheless, it should be noted that the experimental iso-
therm of EtOH in ZIF-68 appears to be sigmoidal.””> Due to
the plausible factors discussed above, the sigmoidal behavior
is not observed in the simulation. All the five ZIFs possess
favorable interactions with EtOH. At a low pressure, the
uptake reflects the interaction strength of adsorbate-adsorbent.
The uptake at 10> kPa decreases as ZIF-78 > -79 > -69 > -81
~ —68, indicating that the EtOH-ZIF interaction is enhanced
by functionalizing the blm linker in ZIF-68. Particularly, the
—NO, groups of nbIm linkers act as H-bonding sites and the
greatest enhancement is seen in ZIF-78. This is consistent
with a recent experimental study, which suggested that a large
number of —NO, groups available in ZIF-78 could form H-
bonds with cyclohexanol.** In ZIF-79, —69, and —81,
although the —CHj3;, —Cl, and —Br groups do not possess H-
bonding capability, they offer additional adsorption sites and
hence also enhance EtOH adsorption. At a high pressure (e.g.,
8 kPa), the uptake decreases as ZIF-78 > -68 > -69 ~ —81 > -
79, suggesting that the uptake near saturation is largely gov-
erned by free volume (or porosity). Specifically, the porosity
in ZIF-68, —69, —81, and —79 is reduced from 0.473 from
0.403, which the trend of saturation uptake follows. The
exception is ZIF-78 with a porosity of 0.423, smaller than that
in ZIF-68, —69, and —81; however, the saturation uptake in
ZIF-78 is the highest among the five ZIFs. This implies that
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Figure 4. (a) Adsorption isotherms (b) isosteric heats of EtOH in ZIF-68, —69, —78, —79, and —81 at 298 K.

The dotted line indicates the heat of vaporization 42.3 kJ/mol.** [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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H-bonding also comes into play with porosity, particularly in
ZIF-78, to determine the saturation uptake.

To quantify adsorption energy, the isosteric heat of
adsorption Qg was calculated by

o (0Uu
QS‘_RgT <8Nad)r,v ©

where R, is gas constant, T is temperature, N,q and U,y are
the number of adsorbates and adsorption energy, respec-
tively. As plotted in Figure 4b, Qg at a low loading follows
ZIF-78 > -79 > -69 >-81 ~ —68, which is consistent with
the trend of uptake at a low pressure. With increasing EtOH
loading, Q, initially decreases, particularly in ZIF-78 and
—79, then remains as constant and finally slightly increases.
The initial decrease is attributed to the reduced number of
favorable adsorption sites as loading increases. At an inter-
mediate loading, EtOH molecules are dispersed in the pores,
thus, nearly constant Qg is observed. Nevertheless, EtOH
molecules are closely packed at a high loading, thus, the
cooperative interactions are strong, leading to an increase in
Q. Over the entire pressure range, the Qg is higher than the
heat of vaporization because of the favorable framework-
EtOH interaction, particularly in ZIF-78. Interestingly, the
behavior of Q in the five GME-ZIFs at a low loading is
remarkably different from that in ZIF-8. It was found previ-
ously that the Qg of EtOH in ZIF-§ sharply increases at a
low loading."” This is because no H-bonds are formed
between EtOH and ZIF-8, but they start to form between
EtOH molecules on adsorption. In contrast, the —NO,
groups of nlm linkers can act as acceptors for H-bonding,
thus, H-bonds can be formed between EtOH and each of the
five GME-ZIFs.

Figure 5 shows the binding energies AE between EtOH
and substituted bIm linkers estimated from ab initio calcula-
tions, the corresponding optimized structures are illustrated
in Supporting Information Figure S5. Also shown are the
isosteric heats at infinite dilution Qg. Note that QY were esti-
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mated by MC simulations for a single adsorbate molecule in
a canonical ensemble.’” The predicted Q% in ZIF-68 is 59.8
kJ/mol, close to the experimental result (54.4 kJ/mol).26 The
AE ranges from —10 to —20 kJ/mol, much lower than Q3.
The reason is that only a single substituted blm linker was
used in ab initio calculations to estimate AE, while Q% was
predicted in a crystalline environment with multiple linkers.
Therefore, the values of AE and Qf, should not be directly
compared. More importantly, it is observed that AFE
decreases as ZIF-78 > -69 >-81 > -79 > -68, largely follow-
ing the trend of QY (ZIF-78>-79>-69>-81 ~ —68).
Among the five ZIFs, ZIF-78 has the greatest AE and QY,
and vice versa for ZIF-68. The one out of the trend is ZIF-
79, which has the fourth lowest AE but the second greatest

o As we shall see below, EtOH molecules in ZIF-79 at a
low loading reside solely in the small pores and do not inter-
act with the mbIm linkers. This is due to the steric hindrance
of bulky —CHj groups, but such effect was not taken into
account in ab initio calculations. Consequently, it should be
cautious that the binding energy between adsorbate and a
building block may not necessarily reflect the actual interac-
tion in a crystalline structure.

It is of central importance to elucidate the locations of
adsorbed EtOH. Figure 6, thus, shows the simulated density
contours of EtOH in ZIF-68, —69, —78, —79, and —81. At
a low pressure (0.1 kPa), the small pores in all the five ZIFs
are occupied by EtOH molecules; meanwhile, the six corners
of large pores in ZIF-68, —69, —78, and —81 are also occu-
pied. In remarkable contrast, however, the large pores in
ZIF-79 are not accessible. The reason is that the mbIm link-
ers in ZIF-79 point toward the large pores and the bulky
—CHj; groups exert a steric hindrance, as mentioned above.
The density in the large pores of ZIF-69, —78, and —81 is
higher than that of ZIF-68, because the substituted blm link-
ers enhance adsorption. In other words, the functional groups
in ZIF-69, —78, and —81 act as extra adsorption sites. Par-
ticularly, the —NO, groups of nbIm linkers in ZIF-78 can
form H-bonds with EtOH and lead to the greatest enhance-
ment, as also seen in Figures 4 and 5. At a high pressure (8
kPa), pore filling occurs in the large pores of all the five
ZIFs. The centre of large pores exhibits higher density
except ZIF-78, in which the six corners proximal to —NO,
groups are more densely occupied because of strong H-
bonding.

To further quantitatively characterize adsorption sites,
radial distribution functions of EtOH around the framework
atoms were calculated by
_ Ny(r,r+Ar)vV
gij(r)= 4m’2ArN,-N_j (7
where r is the distance between atoms i and j, Ny;(r,r+Ar)
is the number of atom j around i within a shell from r to
r+ Ar, V is the system volume, N; and N; are the numbers
of atoms i and j, respectively. Figure 7 shows the g(r) of
EtOH around several typical ZIF atoms at 0.1 Pa. In all the
five ZIFs, a pronounced peak at approximately 4 A s
observed around the C2 atoms of nlm linkers (see Support-
ing Information Figure S4 for notations), particularly in ZIF-
68 and —79. This indicates the C=C bonds of nlm linkers
are favorable for adsorption. In ZIF-79, the peak around the
N1 atoms is also pronounced because of the exclusive loca-
tion of EtOH in the small pores; as discussed in Figure 6,
the large pores are not accessible at a low pressure due to
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the steric hindrance of —CHj groups. Indeed, the peaks
around the C2 and N1 atoms in ZIF-79 are higher than in
the other four ZIFs. In ZIF-69 and —81, the blm linkers are
functionalized by —Cl and —Br as extra adsorption sites,
and thus, peaks are seen at 4 A around the Cl and Br atoms.
In ZIF-78, a sharp peak is observed at 3 A around the O
atoms (—NO, groups) of nblm linkers due to strong H-
bonding. In all the five ZIFs, the g(r) around the Zn atoms
exhibit peaks at a long distance (5.5 A), thus, the Zn atoms
are less favorable.

H-bonding has a significant effect on EtOH adsorption in
the GME-ZIFs. As shown in Figure 8a, the number of H-
bonds formed between ZIF and EtOH increases with loading.
Among the five ZIFs, the number decreases as ZIF-78 > -
79 > -69 > -81 > -68, following the trend in Figure 4 at a low
loading. In ZIF-78, the number is substantially greater than in
the other four ZIFs. This is because the majority of EtOH mol-
ecules are located in the large pores rich with —NO, groups,
thus, a large number of H-bonds are formed. Nevertheless,

—CHj3;, —Cl, and —Br in ZIF-79, —69, and —81 have no capa-
bility of H-bonding. Thus, only a small number of H-bonds
are formed with —NO, groups of nIm linkers in the small
pores. This is also true in ZIF-68 with negligible amount of H-
bonds, confirming ZIF-68 has the weakest affinity for EtOH
among the five ZIFs. As shown in Figure 8b, the total number
of H-bonds in each ZIF increases with loading. Unlike Figure
8a, however, the total number does not differ significantly
among the five ZIFs, and it is indeed nearly identical in ZIF-
78 and —79. The reason is that more H-bonds are formed
between EtOH molecules compared with ZIF-EtOH.

It is instructive to examine the mobility of EtOH adsorbed in
the ZIFs. To do so, MSD was calculated from MD simulation

ES9)S

koi=1

MSD r; I+Ik —r; tk) (8)

where ¢ is the time, N is the number of adsorbate molecules,
and r{(t) is the position of ith molecule at time t. The

10 ¢ Zn 10 ﬁ: 10 Zn 10 Zn L Zn
o N1
Ll c2 ¢ —— & a2 | 8F c2| 8 2;
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Figure 7. Radial distribution functions of EtOH around the framework atoms of ZIF-68, —69, —78, —79, and —81 at

298 K and 0.1 Pa.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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multiple time-origin method was used to evaluate MSD and
K is the number of time origins. As shown in Figure 9, the
MSD at a loading of 450 EtOH molecules in a simulation
box with 12 unit cells (i.e., near saturation) increases as ZIF-
79 <-78 <-81 <-69 < -68. In principle, a stronger ZIF-EtOH
interaction would lead to lower mobility. Nevertheless, the
hierarchy of MSD appears not to entirely follow the reverse
trend of ZIF-EtOH interaction (ZIF-78 >-79 >-69 > -81 > -
68, Figures 4 and 5). Near saturation condition here, it fol-
lows more closely the trend of porosity (ZIF-79 <-78 < -
81 <-69 < -68). From a geometric point of view, EtOH in
ZIF-68 has the highest MSD because of the largest porosity
(free volume), while EtOH in ZIF-79 exhibiting the lowest
MSD is attributed to the steric hindrance of bulky —CHj;
groups.

Pure H,0

Figure 10 shows the adsorption isotherms of H,O in ZIF-
68 at 303 K. The saturation pressure P, at 303 K is about

12
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°© o
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Figure 9. MSDs of EtOH in ZIFs at 298 K.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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4.2 kPa.** The uptakes predicted by the UFF, DREIDING,
and AMBER force fields are close to one another, and in
good agreement with experimental data® at low pressure
range (P/Pg, <0.2). Moreover, the DREIDING appears to be
slightly better compared with the UFF and AMBER. At P/
Pgw =~ 0.3, capillary condensation is predicted by the three
force fields, although not observed by experiment. From the
trend of measured data, however, capillary condensation
might be experimentally observable at high P/Pj,. Further-
more, it is worthwhile to note that the accuracy to simulate
H,O adsorption in MOFs strongly depends on the model of
H,O and the atomic charges of frameworks.*>™’ Therefore,
more thorough modeling should be conducted for H,O
adsorption in MOFs.

The simulated adsorption isotherms of H,O in ZIF-68,
—69, =78, =79, and —81 at 298 K are plotted in Figure 11a.
From the linear plot in Supporting Information Figure S6, the

100
8o | —— AMBER
i —=— UFF P o

= DREIDING ‘
g 60 1 —o— Exp.
S—
=
2 40 t

20 |

0.01 0.1 1
P/P, .

Figure 10. Adsorption isotherms of H,O in ZIF-68 at

303 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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isotherm is type I in ZIF-78 and type V in the other four
ZIFs. On this basis, ZIF-78 can be classified as hydrophilic,
and the other four tend to be hydrophobic. At a low pressure
(e.g., 0.01 kPa), the uptake decreases in the order of ZIF-
78 >-69 >-79 > -81 > -68. Apparently, the uptake in ZIF-78
is the highest as a result of H-bonding between H,O and
—NO, groups of nblm linkers. Despite incapability of H-
bonding, —Cl, —Br, and —CHj3; in ZIF-69, —81, and —79 act
as additional adsorption sites, thus, the uptake in ZIF-69,
—81, and —79 is higher than that in ZIF-68. At a high pres-
sure (e.g., 8 kPa), the uptake follows ZIF-68 >-78 >-69 > -
81> -79. Similar to EtOH, the saturation capacity of H,O is
not simply dependent on free volume, instead, also governed
by H-bonding. Despite the second smallest porosity, ZIF-78
contains —NO, groups of nblm linkers and can strongly inter-
act with H,O via H-bonding, thus, exhibit the second highest
uptake. Moreover, at an intermediate pressure (e.g., 4 kPa),

80

2
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Figure 12. Binding energies between H,O and bim link-
ers, and isosteric heats at infinite dilution of
H50 in ZIF-68, —69, —78, —79, and —81.
The < indicates experimental result.?® [Color figure

can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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1.*2 [Color figure can be viewed in the online issue, which is available

the uptake in ZIF-79 is substantially lower than in the other
four ZIFs, and the underlying reason for this behavior will be
discussed below when we visualize the density distributions
of adsorbed H,O molecules.

The isosteric heats Qg of H,O adsorption are plotted in
Figure 11b. At a low loading, the Qg decreases as ZIF-
78 >-79 > -69 > -81 > -68, largely follows the trend of iso-
therm at a low pressure. With increasing loading, the Qg
decreases sharply in ZIF-78 because the preferential —NO,
sites of nblm linkers tend to be fully covered by H,O and
subsequent H,O will interact with relatively weaker sites.
For the same reason, the Qg in ZIF-79 and —69 also
decreases with loading, though in a smaller degree. On the
contrary, the Qg in ZIF-81 and —68 slightly increases as
loading rises. This is because H-bonds are gradually formed
among adsorbed H,O molecules, while the interaction of
H,O with ZIF-68 and —81 is weak.

Figure 12 shows the binding energies AE between H,O
and substituted bIm linkers and the optimized structures are
in Supporting Information Figure S7. The AE is in the range
of —8 ~ —17 kJ/mol and the magnitude is smaller compared
with the AE for EtOH (see Figure 5). The reason is that
EtOH is bigger in size and contains more atoms than H,O,
thus, has a stronger interaction with the linker. Among the
five linkers, the AE decreases in the order of ZIF-78 > -
79 >-69 >-81 >-68. The Qg are also shown in Figure 12.
The predicted Qg in ZIF-68 is about 35.5 kJ/mol, matching
well with the experimental result extrapolated to zero load-
ing (34.5 kJ/mol).*® In the five ZIFs, QY decreases as ZIF-
78 >-79 > -69 > -81 > -68, following the trend of AE. The
nbIm linkers in ZIF-78 exhibits the greatest AE due to H-
bonding between —NO, group and H,O, leading to the
greatest QY. Compared with parent ZIF-68, the AE and O
in ZIF-79, —69, and —81 are greater. As discussed earlier,
the functional groups enhance ZIF-H,O interaction and pro-
mote adsorption at a low loading.

To elucidate why H,O uptake in ZIF-79 at an intermediate
pressure is much lower than in ZIF-68, —69, —78, and —81,
Figure 13 illustrates the density distributions in ZIF-79 at
0.001, 4, and 8 kPa. Over a wide range of pressure from
0.001 to 4 kPa, H,O molecules are almost exclusively
adsorbed in the small pores and no discernible adsorption is
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observed in the large pores. This is remarkably different
from H,O adsorption in the other four ZIFs, where the large
pores are already filled at an intermediate pressure (e.g., 4
kPa). The reason is because the bulky hydrophobic —CHj;
groups in ZIF-79 exert a steric hindrance and impede polar
H,O entering the large pores. Only at a high pressure (e.g., 8
kPa), H,O is able to enter the large pores and exhibits com-
parable uptake with the other four ZIFs. From this analysis,
we can infer that it is of central importance to unambigu-

EtOH/H 0 mixtures

Here biofuel is mimicked by EtOH/H,O liquid mixtures.
Figure 14 plots the simulated adsorption isotherms in
ZIF-68, —69, —78, —79, and —81 at 298 K. The general
trend in the five ZIFs is similar. When the composition of
EtOH in bulk phase Xg,on is very low, H>O is more domi-
nantly adsorbed than EtOH. On increasing Xgon, EtOH
uptake increases gradually, while H,O uptake decreases

ously understand adsorption behavior by visualizing simula- shiarpl.y.. The separation performance is quantified by
tion snapshots. selectivity
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Figure 14. Adsorption isotherms of EtOH/H,O mixtures at 298 K.
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Saq= (Yi/Y;)/ (Xi/X)) ®

where Y; and X; are the compositions of component i in
adsorbed and bulk phase, respectively. Figure 15 plots the
selectivities of EtOH over H,O in the five ZIFs. With
increasing Xgop, the selectivity in each ZIF drops. At a
given Xgoop, the selectivity decreases as ZIF-79 >-81 > -
69 > -68 >-78. ZIF-79 has the highest selectivity, as dis-
cussed above, the hydrophobic —CHj; groups impede H,O
adsorption to the greatest extent compared with the other
four ZIFs. Similar but smaller effect is seen in ZIF-81 and
—69 consisting of —Br and —CI groups. Conversely, ZIF-78
exhibits the lowest selectivity due to its hydrophilic nature
and the most favorable for H,O adsorption among the five
ZIFs. Biofuel produced via fermentation usually contains a
low concentration of EtOH (Xgop=0.01 ~ 0.05). At
Xgon = 0.01, the highest selectivity is approximately 86 in

Figure 16. Density c

ZIF-79, which might be a promising candidate for biofuel
purification.

As ZIF-79 exhibits the best separation performance among
the five ZIFs, the density distributions of EtOH and H,O in
ZIF-79 are plotted in Figure 16. At Xg,on = 0.05, EtOH is
adsorbed in the small pores and the six corners of the large
pores (near —CHj groups). Although pure H,O only resides
in the small pores at low and intermediate pressure (Figure
13), H,O is able to enter the center of the large pores in the
presence of EtOH. The reason is that EtOH existing in the
large pores can act as seeds and promote H,O adsorption.
This cooperative phenomenon was also observed previously
in the adsorption of EtOH/H,O mixtures in other ZIFs'® and
Zn(bde)(ted)o s.*® At Xgop = 0.5, EtOH is more populated in
both the small and large pores, and H,O in the center of the
large pores is partially replaced by EtOH. The replacement
of H,O by EtOH is almost complete at Xg,op = 0.9 as a con-
sequence of competitive adsorption.

Conclusions

Adsorption of ethanol/water in ZIF-68, —69, —78, —79,
and —81 has been investigated by integrating ab initio calcu-
lations and molecular simulations. While the adsorption iso-
therms predicted by the three force fields (UFF, DREIDING,
and AMBER) match reasonably well with experimentally
measured data, the DREIDING appears to outperform over
the UFF and AMBER. For ethanol, the isotherms are type I
in the five ZIFs; for water, they are type I in ZIF-78 and type
V in ZIF-68, —69, —79, and —81. This suggests the favorable
interaction for ethanol in the five ZIFs, and ZIF-78 tends to
be more hydrophilic than the other four ZIFs. At a low pres-
sure, adsorption is observed to be mainly in the small pores
and the six corners of the large pores. The uptakes of ethanol
and water decrease as ZIF-78>-79>-69>-81>-68 and
ZIF-78 > -69 > -79 > -81 > -68, respectively. It is obvious that
the adsorbate-ZIF interaction is enhanced by the functionaliza-
tion of blm linkers in ZIF-68. Particularly, the large number
of —NO, groups of nbIm linkers in ZIF-78 can form strong
hydrogen-bonding with ethanol or water, and thus, the largest
enhancement is observed in ZIF-78. The isosteric heats at
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infinite dilution closely follow the trend of uptakes, and are
consistent with the binding energies between adsorbates and
substituted blm linkers. At a high pressure, pore-filling occurs
in the large pores; thus, the uptakes are primarily proportional
to free volume, although also affected by H-bonding particu-
larly in ZIF-78. The mobility of adsorbate near saturation con-
dition follows the hierarchy of free volume. In ZIF-68 with
the largest free volume, the mobility is the highest; and vice
versa in ZIF-79. For ethanol/water mixtures mimicking bio-
fuel, the selectivities in the five ZIFs decrease with increasing
composition of ethanol. Due to its hydrophilic feature, ZIF-78
has the lowest selectivity. In contrast, ZIF-79 is the most
hydrophobic among the five ZIFs and exhibits the highest
selectivity, around 86 at the ethanol composition of 0.01. This
suggests that ZIF-79 might be interesting for ethanol/water
separation. These bottom-up insights are useful for the further
development of new ZIFs and other nanoporous materials for
high-performance biofuel purification.
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