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ABSTRACT: Metal−organic frameworks (MOFs) are investigated
for the adsorption of aromatic amino acids L-phenylalanine (L-Phe), L-
tryptophan (L-Trp), and L-tyrosine (L-Tyr) from aqueous solutions.
After screening a range of water-stable MOFs, the hydrophobic Zr-
MOF MIL-140C emerged as the best performing material, exhibiting
uptakes of 15 wt % for L-Trp and 20 wt % for L-Phe. These uptakes are
5−10 wt % higher than those of large-pore zeolites Beta and Y. Both
single-compound and competitive adsorption isotherms for L-Phe and
L-Trp were experimentally obtained at the natural pH of these amino
acid mixtures (pH 6.5−7) without additional pH modification. We
find that the hydrophobic nature of MIL-140C and the capacity of L-
Trp to form hydrogen bonds favor the uptake of L-Trp with its larger
indole moiety compared to the smaller phenyl side group of L-Phe. On
the basis of literature and vibrational analysis, observations of
hydrogen-bonded L-Trp within the MIL-140C framework are evidenced by red- and blue-shifted −NH vibrations (3400
cm−1) in Fourier transform infrared spectroscopy, which were attributed to types N−HL‑Trp···πMIL‑140C and N−HL‑Trp···OMIL‑140C,
respectively. MIL-140C is shown to be recycled at least three times for both aromatic amino acids without any loss of adsorption
capacity, separation performance, or crystallinity. Desorption of aromatic amino acids proceeds easily in aqueous ethanol.
Substantial coadsorption of negatively charged amino acids L-glutamate and L-aspartate (L-Glu and L-Asp) was observed from a
model solution for wheat straw protein hydrolysate at pH 4.3. On the basis of these results, we conclude that MIL-140C is an
interesting material for the recovery of essential aromatic amino acids L-Tyr, L-Phe, and L-Trp and of L-Glu and L-Asp from waste
protein hydrolysates.
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■ INTRODUCTION

The aromatic amino acids (AAA) L-phenylalanine (L-Phe), L-
tyrosine (L-Tyr), and L-tryptophan (L-Trp) are categorized as
essential amino acids and require uptake through the diet.1

These compounds are key intermediates in metabolism, for
instance in the biosynthesis of neurotransmitters, hormones,
and vitamins.2,3 Their applications are mainly situated in food,
feed and pharmaceutical industries: L-Phe is widely applied as a
precursor for the artificial sweetener aspartame together with L-
aspartic acid (L-Asp), while L-Tyr and L-Trp are important
nutritional supplements. Next to applications in the food
industry, other amino acids such as L-glutamic acid (L-Glu) and
L-lysine (L-Lys) are considered as interesting biobased platform
molecules.4−6

The amino acid market is rapidly expanding (6 billion USD
at 3 Mtons/year in 2007)7 and is expected to reach 20 to 30
billion USD by 2020.8,9 Although aromatic amino acids are
produced on a much smaller scale (0.5% or 16 000 tons/year in
2007) than L-Glu or L-Lys, they still contribute to about 5% of

the yearly amino acid revenue. This share is expected to
increase.7

Amino acids are synthesized industrially via fermentation10,11

or chemoenzymatic processes, e.g. L-Phe by enantioselective
addition of ammonia to trans-cinnamic acid.4 Alternatively,
amino acids can also be recovered by hydrolyzing nonfeed
protein waste. Examples of such waste include poultry feather
meal and vinasses of sugar cane and sugar beet, which are
readily available from agroindustry and bioethanol produc-
tion.4,12 Averaged mass fractions of aromatic amino acids in
such protein-rich waste stream hydrolysates vary between 5 and
10 wt %.12 Selective separation of amino acids from aqueous
media is a key step in each of these processes, but the
development of high-performance separation techniques
remains challenging.
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Recovery techniques such as crystallization, electrodialysis,13

reactive extraction,14 and combined techniques such as
flotation−complexation−extraction,15 nanofiltration over poly-
electrolyte membranes,16 and adsorption using ionic liquids17

have already been explored. Often, such methods are prone to
high energy consumption or are impractical to implement.
Thus, the adsorption of amino acids on solid porous materials
is a worthwhile alternative. For instance, ion-exchange resins
are able to separate amino acids based on their pH-dependent
charge in water.18−21 When aromatic ion-exchange resins are
used, pH modification of the aqueous medium can facilitate
uptake by adding electrostatic interactions to the strong
dispersive forces (π−π): the pH is modified so that either
pH > pKa of −NH3

+ (≈9.2) for anion-exchangers or so that pH
< pKa of −COOH (≈2.2) for cation-exchangers. These
materials are also known to swell considerably in water,
which involves a large volume expansion of the resin by
intercalation of water molecules between the resin’s polymer
chains. This phenomenon ensures the accessibility of nearly all
ion-exchange sites and allows additional π−π interactions of
adsorbing aromatic amino acids with the resin’s aromatic
backbone, resulting in high adsorption uptakes. However,
regeneration of these adsorbents remains an important
drawback because highly acidic or alkaline conditions are
required to disrupt the strong electrostatic adsorbent−
adsorbate interactions, ultimately producing amino acid salts.
Inorganic materials such as zeolites22−29 and mesoporous
molecular sieves30−32 display a somewhat lower amino acid
uptake due to their lower ion-exchange capacity and a lack of
swelling in comparison to ion-exchange resins.
Metal−organic frameworks (MOFs) are a relatively new (but

already well-established) class of materials consisting of metal-
ion nodes and multitopic organic linkers which assemble into

microporous frameworks.33−35 They are endowed with high
surface areas and are highly tailorable, which makes them
attractive for applications in chemistry and environmental
science. MOFs have been intensely researched in a wide variety
of fields, including gas separation and purification,36 cataly-
sis,37,38 luminescence,39−41 drug delivery,42 and liquid-phase
separations,43 among many others.
Few studies involved amino acids in MOF chemistry to date:

amino acids have been used as (i) modulator or nucleation-
inducing reagent in the synthesis of respectively UiO-6644,45

and ZIF-8,46 or (ii) for postsynthetic linker functionalization
with L-proline (L-Pro) to yield a catalytically active Cu-MOF.47

Only the group of Kitagawa looked into amino acid adsorption
on MOFs, reporting L-Glu adsorption on isoreticular Al-based
MOFs with loadings from 7 to 15 wt %.48 Full desorption was
accomplished in a phosphate buffer while maintaining the
crystallinity of these Al-based MOFs.
In this paper, the adsorption behavior of AAAs on several

water-stable MOFs is investigated. The hydrophobic and water-
stable Zr-4,4′-biphenyldicarboxylate MIL-140C (Mateŕiaux de
l′Institut Lavoisier) emerges as the most promising material. It
is further evaluated for batch and dynamic adsorption of both
single-compound and binary amino acid mixtures in both batch
and continuous operation. Additionally, the adsorption
mechanism for L-Trp was studied by Fourier transform infrared
spectroscopy (FT-IR) and vibrational analysis, revealing that
hydrogen bonds play an important role in its relatively high
uptake. Finally, the adsorption behavior of MIL-140C in
complex amino acid mixtures with up to 17 amino acids was
probed.

Table 1. Single-Compound Uptake of AAAs L-Phe and L-Trp on MOFs, Zeolites, Mesoporous Silica, and Ion-Exchange Resins
Based on Literature Data and Experimental Work

AAA uptake (wt %) [AAA]initial (M)

entry material L-Phe L-Trp remark pH L-Phe L-Trp

1 CuCHDC 0 0 MOF breakdown 6.5 0.05 0.05
2 ZIF-8 0 0 MOF breakdown 6.5 0.05 0.05
3 UiO-66 9.9 4.1 6.5 0.05 0.05
4 MIL-140B 3.6 3.3 6.5 0.05 0.05
5 MIL-140C 19.7 15.4 6.5 0.15 0.05
6 MIL-140D 8.4 8.5 6.5 0.05 0.05
7 MIL-68(Al)-TFA 14.9 21.9 6.5 0.05 0.05
8 MOF-808 55.1 32.4 6.5 0.15 0.05
9 ZSM-5 (H+)23 4.8 nd Si/Al = 30 6 nd
10 ZSM-5 (Na+)24 4.3 0 Si/Al = 80 6 0.6 nd
11 ZSM-5 (H+)this work 0.81 0 Si/Al = 140 6.5 0.05 0.05
12 Beta (H+)26 6.6 nd Si/Al = 12 9 0.05
13 Beta (H+)23 13.9 nd Si/Al = 25 6 nd
14 Beta (H+)25 7.4 nd Si/Al = 48 4.5 0.06
15 Y (Na+/H+)26 0.8 nd Si/Al = 2.5 6.6 0.03
16 CBV-400 [Y (H+)]this work 5.8 4.9 Si/Al = 2.5 6.5 0.05 0.05
17 CBV-100 [Y (Na+)]this work <1 <1 Si/Al = 2.5 6.5 0.05 0.05
18 Y (Na+)26 16.5 nd Si/Al = 8 6.4 0.11
19 SBA-1531 6.6 nd 5.5 0.035
20 D008 (H+)19 nd 61.6 macroporous, strong 3−5 0.025
21 HZ-001 (H+)19 nd 75.4 gel type, strong 3−5 0.025
22 DOWEX 50 Wx2 (H+) 70.3 74.9 gel-type, strong 6.5 0.15 0.05
23 DOWEX MAC3 (H+) 7.8 10.5 macroporous, weak 6.5 0.05 0.05

and = no data.
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■ RESULTS AND DISCUSSION

Materials Screening. Several water-stable MOFs were
probed for the adsorption of aromatic amino acids. The results
were compared to literature data and to our own experimental
data for zeolites and ion-exchange resins, as summarized in
Table 1. Full experimental details are given in the Supporting
Information. In short, the amino acids were dissolved at room
temperature in Milli-Q water with a concentration range
between 0 and 0.05 M for L-Trp and 0.15 M for L-Phe in single-
compound adsorption tests. For competitive adsorption, both
AAAs are present in the same concentration (0−0.05 M for
both). The pH of the solution was not further modified. The
AAA uptakes were calculated from HPLC (high pressure liquid
chromatography) UV detector output data by comparing the
initial concentration of the AAA solution to the concentrations
after exposure to the different tested adsorbents (MOFs,
zeolites, and ion-exchange resins).
The adsorption of aromatic amino acids was evaluated for

some well-known water-stable MOFs (Table 1, entries 1−8) at
0.05 M for L-Phe and 0.05 M for L-Trp. The tested materials are
CuCHDC, ZIF-8, UiO-66, MIL-140B-C-D, MIL-68(Al)-TFA,
and MOF-808. Although ZIF-8 and CuCHDC (Table 1, entries
1 and 2) have been reported to be stable in the separation of
bioalcohols49 or butanol isomers50 from aqueous fermentation
media, these frameworks were degraded after contact with the
amino acids (2 h) as a result of the chelating properties of these
molecules. Powder X-ray diffraction (PXRD) measurements
indeed showed structural transformation to insoluble M2+-
phenylalaninato51 and M2+-tryptophanato52,53 complexes (Fig-
ures S1A and B) reported for Cu2+ and Ni2+ or Mn2+,
respectively. This result is remarkable, as amino acids have been
proven to act as biomimetic crystallization agents for ZIF-8 in
aqueous synthesis solutions.46 However, the latter observation
was made at amino acid concentrations much lower compared
to the concentrations of the present adsorption work.
Therefore, other MOF materials with hard, higher valent
metal cations (Al3+, Zr4+) were tested, as their Mx+-carboxylate
bonds are less prone to hydrolysis.54 Indeed, these materials
retain their structure after soaking in aqueous solutions of
AAAs, and adsorption thereof was observed (see Figures S1C−
G and Table 1, entries 3−8). The Zr-terephthalate UiO-66
(Table 1, entry 3) already achieves uptakes of 10 wt % for L-Phe
and 4 wt % for L-Trp, similar to values reported for large-pore
zeolites.
Adsorption of aromatic amino acids on MIL-140(Zr)-type

materials (Table 1 entries 4−6) follows similar trends in
optimal pore size and intrapore polarity, as described previously
for phenolics adsorption.54 In this family of materials, the linker
size and hence pore size is systematically increased in the series:
MIL-140B (2,6-naphthalenedicarboxylate), MIL-140C (4,4′-
biphenyldicarboxylate), and MIL-140D (3,3′-dichloro-4,4′-azo-
benzenedicarboxylate). However, the adsorption capacity
decreases in the order MIL-140C > MIL-140D > MIL-140B.
This reflects that in the very large and more polar pores of
MIL-140D few specific interactions exist with the pore walls,
while in the smaller pores of MIL-140B there are too many
spatial constraints to achieve substantial uptake capacity. The
material MIL-140C strikes an optimal balance with a maximal
adsorption capacity of 20 wt % for L-Phe and 15 wt % for L-Trp.
Alternatively, we evaluated MOFs with a high density of

open coordination sites or missing-linker defects after thermal
treatment, such as MIL-68(Al)-TFA and MOF-808 (Table 1,

entries 7−8). These materials are usually synthesized in
relatively high concentrations of the modulating agents
trifluoroacetic acid (TFA) and formic acid, respectively. A
high uptake of L-Phe (55 wt %) and L-Trp (32 wt %) in MOF-
808 can be explained by the large pore volume of this
framework. However, the full adsorption capacity does not yet
seem to be reached at maximum solubility of the respective
amino acids (i.e., no plateau is reached in the adsorption
isotherm), and the adsorption isotherms have a weak initial
slope (Figure S1). Another explanation is that the high density
of open coordination sites in these frameworks leads to higher
polarity of the frameworks and competitive adsorption of water
molecules. These factors point toward a fairly low affinity of
these two large-pore materials for AAAs. Therefore, despite
their high uptake, MIL-68-TFA(Al) and MOF-808 are not
investigated further.
Previously, AAA adsorption was studied extensively on other

porous frameworks. In particular, L-Phe adsorption on zeolites
was studied in terms of pH effects and Si/Al ratios. In general,
the pH of the amino acid mixture is of little concern as long as
the amino acid occurs predominantly in the zwitterionic form,
i.e. in the pH range between 2.2 and 9.2.23 ZSM-5, a
hydrophobic zeolite with medium pore size (≈5.8 Å), disfavors
the uptake of L-Trp compared to that of L-Phe and L-Tyr based
on their kinetic diameters of 6.5, 5.8, and 5.9 Å, respectively
(Table 1, entries 9−11).24 Large-pore zeolites such as the
faujasite Y zeolite and zeolite Beta display remarkably higher
uptakes of L-Phe than ZSM-5 (Table 1, entries 12−18; up to 16
wt %). For these materials, the Si/Al ratio needs tuning to
achieve significant adsorption. On the one hand, zeolites with
low Si/Al ratios contain many cation-exchange sites, which
makes them very hydrophilic: the uptake of AAAs with their
aromatic rings is reduced due to competitive adsorption of
water. On the other hand, zeolites with high Si/Al ratios
contain only a limited number of cation-exchange sites, and
their frameworks may become too apolar to enable amino acid
adsorption in the case that these molecules occur as zwitterions.
These trends are very well-illustrated in the literature (Table 1,
entries 12−14, 15, and 16) and are confirmed by some of our
own observations (Table 1, entries 11, 16, and 17).
Additionally, mesoporous materials such as all-silica SBA-15
(Table 1, entry 19) show considerable L-Phe adsorption of 6 wt
% at low concentrations.
In contrast to zeolites, ion-exchange resins show much higher

uptake of (aromatic) amino acids for various reasons (Table 1,
entries 20−23): these materials (i) contain strong ion-exchange
sites, (ii) have additional adsorbent−adsorbate interactions due
to π−π stacking, and (iii) are able to swell. Polystyrene/
divinylbenzene (PS/DVB)-based cation-exchange resins re-
ported in literature with strong sulfonic acid groups reach high
uptakes of 60-75 wt % for L-Trp (Table 1, entries 20 and 21).
In this work, similar results were obtained for L-Phe on
DOWEX 50Wx2 (Figure S2 and Table 1, entry 24). A
remarkably lower uptake was observed for a polyacrylic-based
cation-exchanger with carboxylic acid functional groups such as
DOWEX MAC-3 (Table 1, entry 25) because of its lower acid
strength.

Batch Single-Compound Adsorption Experiments on
MIL-140C. On the basis of the materials screening, MIL-140C
proved to be the most promising MOF, combining high
adsorption capacity for both L-Phe and L-Trp with high affinity
for these aromatic amino acids. The single-compound
adsorption isotherms for L-Phe and L-Trp on MIL-140C
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(Figure 1) display typical type-1 adsorption behavior with steep
initial slopes, especially for L-Trp.

The PXRD patterns of pristine MIL-140C and after
adsorption of L-Phe and L-Trp show no crystallinity loss
(Figure 2). The relative intensity shifts of the first two
reflections and the appearance of an additional reflection at
11.4° 2θ are indicative of pore-filling in the MIL-140C
framework.54

MIL-140C can be recycled at least three times for the
adsorption and desorption of L-Phe and L-Trp without any loss
of capacity or crystallinity (Figures 3 and S3). Amino acid
desorption from MIL-140C was achieved in aqueous ethanol
(4:1 v/v H2O:EtOH), as proven by FT-IR after washing
(Figure S4). Compared to the desorption of molecules from
ion-exchange resins with strong acids or bases, this mild
desorption from MIL-140C with aqueous ethanol is far more
sustainable and economical. Moreover, the amino acids are
desorbed as pure zwitterionic compounds from MIL-140C
using aqueous ethanol rather than as salts, which is the case
when they are desorbed from ion-exchange resins with acids or
bases.

Elucidating L-Trp Preference over L-Tyr and L-Phe on
MIL-140C. The initial slopes of the adsorption isotherms in
Figure 4 clearly reveal an affinity of MIL-140C for L-Trp that is

respectively three to four times higher than that for L-Phe and
L-Tyr. As expected for a hydrophobic material such as MIL-
140C, the largest heterocycle (L-Trp) was adsorbed with the
highest affinity compared to the smaller molecule L-Phe.
However, it is peculiar that the hydrophobic framework MIL-
140C has an affinity for more polar molecules L-Tyr (and L-
Trp) higher than that for the less polar L-Phe (Figure 4). From
previous work, it is known that compounds with phenolic
hydroxyl groups strongly interact with the carboxylate group in
the double Zr oxide chain (consisting of ZrO7 polyhedra) of
MIL-140C. Similar interactions are plausible for L-Tyr and
presumably also for L-Trp.54 However, a full adsorption
isotherm for L-Tyr could not be determined due to its low
solubility in water at the natural pH of 6.8 (2.4 mM; Figure S5).
To directly confirm the presence of adsorbed amino acids

within the MIL-140C framework and gain insights into the
nature of the adsorption mechanism at the molecular level, FT-
IR spectroscopy was employed. Figure 5A displays FT-IR
spectra recorded for MIL-140C, L-Phe, and L-Trp adsorbed on
MIL-140C along with the spectra of the pure amino acids for
comparison. The main emphasis of this FT-IR study lies in the

Figure 1. Single-compound adsorption isotherms for L-Phe ([L-
Phe]max = 0.15 M) and L-Trp ([L-Trp]max = 0.05 M) on MIL-140C.

Figure 2. PXRD patterns of MIL-140C before and after L-Phe and L-
Trp adsorption.

Figure 3. Recycling of MIL-140C for the single-compound adsorption
of L-Phe (red) and L-Trp (blue) for three consecutive runs.

Figure 4. Initial slopes of single-compound adsorption isotherms of L-
Phe, L-Trp, and L-Tyr on MIL-140C. The steeper the initial slope, the
higher the affinity of the adsorbent for the adsorbate.
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high-energy C−H and N−H stretching frequency range; the
full recorded spectra can be found in Figure S6A of the
Supporting Information. The adsorption of L-Phe and L-Trp
within MIL-140C is clear with the introduction of C−Hx
vibrational signatures in the vicinity of 3000 cm−1 which are
not present in the parent material (only weak, narrow C−Hx x
= 1 feature is seen in MIL-140C). Additionally, for the
spectrum of L-Trp adsorbed on MIL-140C, a sharp absorption
band of the indole secondary amine (N−H) centered near
3400 cm−1 is observed. For completeness, the weaker low-
energy modes of adsorbed L-Phe and L-Trp are further
identified in Figure S6B of the Supporting Information. As
mentioned above, a likely explanation for the enhanced uptake
of L-Trp in MIL-140C compared to L-Phe resides in the highly
polar and versatile nature of the N−H bond in the indole
moiety and its capacity to establish hydrogen bonds.55 Such an
adsorption interaction is known to induce vibrational changes
to the interacting groups relative to the unperturbed vibrational
state. In general, establishing a H-bond can introduce a red-
(bond length elongation) or blue-shift (bond length short-
ening) in the mode energy. Furthermore, they will also
respectively fall into the weak or strong interaction energy
regimes.56 Unlike a blue-shifting H-bond, a red-shifting one
experiences no upper limit to its interaction energy, permitting
relatively large frequency shifts to manifest.56

Within this context, the FT-IR spectrum of L-Trp adsorbed
on MIL-140C is replotted over the νN−H frequency range in
Figure 5B for detailed treatment. Here, an agreeable fit is made
by summing three Lorentzian oscillators (unperturbed νN−H0,
red-shifted νN−H− and blue-shifted νN−H+) and the back-
ground trace (BG), which is the rescaled result of fitting the
broad H2O feature in the MIL-140C spectrum (see Figure 5A)
with a fifth order polynomial over the same spectral range. In
contrast to the single sharp absorption feature at 3400 cm−1

observed in pure L-Trp (due to νN−H of the indole moiety;
see Figure 5A), L-Trp adsorbed on MIL-140C distinctly
exhibits a triple mode behavior with well-resolved weaker
features red- (νN−H−) and blue-shifted (νN−H+) relative to
the unperturbed peak (νN−H0). This observed splitting in the
νN−H vibrations of L-Trp adsorbed in MIL-140C confirms this
functional group to be strongly interacting with the framework
by forming hydrogen bonds.
Considering how L-Trp is adsorbed in MIL-140C, there are

several scenarios in which νN−H can shift frequency. For
example, with respect to electron-rich sites across the aromatic

linkers, interactions consisting of π−π and T-shaped N−H···π
stacking, along with their rotated and tilted variations, are
possible within the framework. The vibrational changes of νN−
H experienced under such interactions have been the focus of
several in-depth reports, studied both directly and indirectly
using indole as an analogue.55,57,58 Consistently, all such
interactions ultimately act to reduce the νN−H vibrational
energy. This suggests νN−H− (3254 cm−1) in Figure 5B
originates from some portion of the adsorbed L-Trp being
adsorbed via an interaction with the π-cloud of aromatics within
the framework. In fact, a reduction of the νN−H frequency is
typically expected upon binding due to its large polarization.59

Therefore, resolving a blue-shifted peak near 3449 cm−1 (νN−
H+) in Figure 5B is somewhat surprising, but not
unprecedented for the complex type N−H···O.60−64 For
completeness, further discussion on the phenomena of
improper hydrogen bonding can be found in Supporting
Note 1. Thus, we assigned νN−H+ to L-Trp molecules
improperly hydrogen bonded to oxygen atoms of MIL-140C,
either linker carboxylate or oxide atoms in the ZrO7 oxide chain
of MIL-140C.
A close inspection of our experimental data reveals that the

full width at half-maximum (fwhm) of νN−H+ (36 cm−1) is
rather narrowly distributed, relative to νN−H− (74 cm−1), and
only marginally higher than the unperturbed νN−H band (30
cm−1; comparable to that measured in pure L-Trp). This may
reflect the limited access for L-Trp to establish N−H···O within
the framework, explaining why the interaction remains in the
weak-energy regime.56 Owed to a localized shift in the dipole
dynamics, hydrogen bonding is expected to impose, respec-
tively, an increase and decrease to the absorption activity of
νN−H− and νN−H+ modes, permitting only a semiquantitative
assessment of this quantity.56 The relative oscillator strengths of
vibrations νN−H− and νN−H+ are measured to be 0.68 and
0.20, when normalized to the natural νN−H0 mode in the same
spectrum. Such spectral weighting suggests that a significant
portion of L-Trp is interacting in this manner when taken up by
MIL-140C, providing additional bonding mechanisms for
adsorption.

Batch Competitive Adsorption Experiments on MIL-
140C. After testing the single-compound adsorption behavior
of MIL-140C for L-Phe and L-Trp, the separation power of this
material was tested for equimolar binary mixtures. Note that
based on the previous FT-IR study, additional H-bonding
implies that in case of a competitive adsorption scenario, the

Figure 5. (A) FT-IR spectra of MIL-140C, L-Phe, and L-Trp along with their adsorbed versions. For clarity, these spectra have been rescaled and
offset with the νC−Hx and νN−H vibrational energy bands identified. (B) Resolved spectrum of L-Trp adsorbed on MIL-140C expanded over the
N−H stretching frequency range with the background (BG) and various vibrational contributions identified.
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incoming indole ring of L-Trp must simultaneously displace L-
Phe and a water molecule from its hydrogen-bonded site. The
batch competitive adsorption isotherms clearly show that the
uptake of L-Trp is again strongly preferred over L-Phe (Figure
6), as proven in the single-compound FT-IR study. The

separation factor α (see Supporting Information for calcu-
lation) amounts up to a high number of 16 at low
concentrations and 2 for concentrations above 0.01 M. Once
more, the high affinity of MIL-140C for L-Trp is reflected by an
adsorption isotherm much steeper than that for L-Phe. The
maximum uptake of both compounds is independent of the
temperature (Figure S7), indicating that there are no significant
differences in adsorption enthalpy between L-Trp and L-Phe.
The separation in MIL-140C between L-Phe and L-Trp may
well be entropy-driven, as an incoming L-Trp has to displace a
loosely π−π stacked L-Phe and a hydrogen-bonded water
molecule from the hydrogen-bond site, namely a OMIL‑140C from
either a linker carboxylate or the Zr-oxide chain. This would
allow L-Trp to adopt a double interaction with the framework
through π−π stacking and hydrogen-bonding −NH moiety, as
verified above using vibrational analysis. This ultimately yields
an entropy increase, considering the entire system (MIL-140C,
L-Phe, L-Trp, and a H-bonded water molecules).
Continuous Adsorption Experiments on MIL-140C.

Next, MIL-140C crystals were packed in a stainless steel
column to investigate the breakthrough and adsorptive
separation of L-Trp from L-Phe (both at 6.25 mM) under
dynamic conditions (0.5 mL/min). At this selected concen-
tration, the uptake of both amino acids is already close to
saturation capacity of MIL-140C, and the highest separation
factor α is attained (Figure 6). The material efficiently separates
both compounds, as L-Phe starts eluting about 3 min before L-
Trp (Figure 7), creating a significant window of separation. The
column outlet concentration reaches the feed concentration for
L-Phe after 10 min of operation, followed by a distinct roll-up
phase, in which surplus L-Phe is displaced from MIL-140C by
the more preferred L-Trp. L-Phe reaches a steady-state level
after 20 min, while a stationary level for L-Trp is reached more
slowly after 40 min of operation. The separation factor α under
dynamic adsorption conditions was determined to be 2.7,
compared to 16 for batch mode. For L-Phe, a steep front is
observed, evidencing fast diffusion in the crystals and quick
establishment of the adsorption equilibrium. The lower

steepness and larger width of the front for the L-Trp may be
indicative for some intraparticle diffusion limitations for this
slightly larger molecule in the already well-filled monodimen-
sional pores of MIL-140C. Similar diffusion limitations have
also been observed for ion-exchange resins.20 Again, the
crystallinity of the powdered MIL-140C was fully retained,
even after this dynamic operation at 450 bar (Figure S8). This
is in line with the known excellent mechanical stability of MIL-
140C and related Zr-MOFs.65,66 Lowering the flow rate may
allow to lower the operation pressure and to improve diffusion
phenomena. These observations demonstrate the strong
application potential of MIL-140C for aromatic amino acid
adsorption in industrial multibed adsorption processes.

Amino Acid Model Mixture: Wheat Straw Protein
Hydrolysate. Next, the potential of MIL-140C to enrich
aromatic amino acids from complex amino acid mixtures was
tested on a model mixture that mimics the amino acid
composition of wheat straw protein hydrolysate, which is a
nonfood agricultural waste stream.12 The commercial cation-
exchange resin DOWEX 50Wx2 was investigated for
comparison. To investigate the influence of other amino acids
on the uptake of aromatic amino acids, both materials were
contacted with aqueous solutions containing (i) all amino acids,
(ii) only aromatic amino acids, (iii) all amino acids except for
the ones with apolar side chains (L-Val, L-Leu, L-Ile, and L-Ala),
and (iv) all amino acids except for the acidic amino acids (L-Glu
and L-Asp). Acids or bases were intentionally not added, and
therefore, the adsorption experiments were performed at the
natural pH of the amino acid mixtures. Note that L-glutamine
(L-Gln) and L-asparagine (L-Asn) were never included because
these amino acids are converted to L-Glu and L-Asp during
protein hydrolysis under acidic conditions. The initial mixture
composition and an exemplary HPLC chromatogram are
shown in Supporting Information, Table S2 and Figure S9,
respectively. An overview of the results from these studies is
contained in Table 2.
In general, the DOWEX 50Wx2 resin can adsorb a larger

amount of amino acids compared to MIL-140C (Table 2). This
observation parallels the trend observed during the screening
and that reported in literature. Moreover, the cation-exchanging
resin preferentially adsorbs positively charged, basic amino
acids (L-Arg and L-Lys) in large amounts, while also

Figure 6. Competitive adsorption isotherms of L-Phe and L-Trp (0.05
M) on MIL-140C.

Figure 7. Breakthrough experiment of L-Phe and L-Trp (both 6.25
mM) on a MIL-140C-packed column.
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(hetero)aromatic amino acids (L-Tyr, L-Phe, L-Trp, and L-His)
display large uptakes. As expected for a material with a
permanent negative charge, the acidic amino acids were
rejected, while apolar, aliphatic amino acids coadsorb only
weakly on the DOWEX 50Wx2 resin. The order of amino acid
uptake on DOWEX 50Wx2 is hence largely determined by the
properties of the side chain: positively charged, basic > apolar,
aromatic > apolar, aliphatic > polar, with no uptake of
negatively charged, acidic amino acids at all.
For MIL-140C, besides the expected uptake of L-Trp, L-Phe,

and L-Tyr, a clear coadsorption of L-Asp and L-Glu was
observed near pH 4.3 (see Table 2). The adsorption of L-Asp
and L-Glu has also been observed previously in isoreticular Al3+-
based metal−organic frameworks.48 Uptake of L-Glu on MIL-
140C from single-compound solutions at natural pH can reach
up to 11 wt % (Figure S10). To evaluate the effect of L-Asp and
L-Glu on the adsorption of the AAAs, the mechanism of
adsorption of the acidic amino acids needs to be understood.
The natural pH of L-Glu solutions is in the range 3.2−3.8 due
to partial proton loss from the side chain’s carboxylic group.
For very dilute samples (0.8 mM, pH 3.8), more than 90% of
glutamic acid was adsorbed on MIL-140C (Figure S10) with
full structure retention (Figure S11). This process involved a
pH shift to 6.4 after adsorption, indicating that L-Glu adsorbs in
a neutral form on the MIL-140C. This implies that the
carboxylate is reprotonated upon adsorption, causing the
observed pH increase in the liquid phase. The presence of a
protonated −C(O)−O−H moiety in the adsorbed L-Glu
also suggests that a similar hydrogen-bonding with the Zr-

carboxylate chains may be operative as proposed before for L-
Trp with its indole −NH moiety.
When MIL-140C is exposed to a complex amino acid

mixture from which L-Glu and L-Asp have been omitted (at pH
7.6), mainly apolar compounds (L-Ile, L-Leu) and L-Arg
coadsorb to a fair extent on MIL-140C, together with the
AAAs (Table 2). The overall adsorption preference on MIL-
140C therefore appears to be the following: negatively charged,
acidic > aromatic > positively charged, basic > apolar > polar
amino acids. These first experiments offer appealing avenues for
the use of MOFs, specifically MIL-140C, for the separation of
essential aromatic amino acids L-Phe, L-Tyr, and L-Trp from
protein hydrolysates in batch and continuous adsorption
operation.

■ CONCLUSIONS

In this work, we demonstrated that some water-stable MOFs,
and especially MIL-140C, can be readily applied as adsorbent
media for removing aromatic amino acids from aqueous
streams, rivalling ion-exchange resins and zeolites. Uptakes of
20 wt % for L-Phe and 15 wt % for L-Trp were achieved. The
reusability of MIL-140C was demonstrated for three cycles of
batch adsorption and desorption of L-Phe and L-Trp with full
retention of adsorption capacity and crystallinity. Aqueous
ethanol was sufficient to disrupt the weak dispersive π−π and
hydrogen bonding interactions between the adsorbate and the
framework, which is a much milder treatment compared to the
regeneration of ion-exchangers under highly acidic or alkaline
conditions.

Table 2. Uptake of Amino Acids from Wheat Straw Mimics for Both MIL-140C and DOWEX® 50Wx2: (i) Full Amino Acid
Mixture (pH 4.3), (ii) Only Aromatics Mixture (pH 6.2), (iii) Mixture without Apolar Amino Acids (pH 4.3), and (iv) Mixture
without Acidic Amino Acids (pH 7.6)a

uptake on MIL-140C (wt %) uptake on DOWEX 50Wx2 (wt %)

amino acid concentration (mM) mix 1 mix 2 mix 3 mix 4 mix 1 mix 2 mix 3 mix 4

apolar, aromatic side chain
L-Tyr 2.3 0.21 1.1 0.21 0.56 0.62 11.5 0.9 1.15
L-Trp 5 2.4 6.0 3.1 3.7 7.7 31.6 11.1 8.67
L-Phe 4 0.44 2.2 0.58 1.2 0.63 21.4 1.2 1.72

apolar, aliphatic side chain
L-Ala 15 nu 0.40 nu 1.2
L-Val 14 <0.10 0.87 nu 1.9
L-Leu 10 0.59 1.3 nu 2.0
L-Ile 5 0.15 0.62 nu 0.90
L-Met 3 0.19 0.72 nu 0.61

polar, acidic side chain
L-Asp 17 4.0 4.8 nu nu
L-Glu 18 3.4 4.2 nu nu

polar, alkaline side chain
L-Lys 7 nu nu 1.5 14.5 22.7 18
L-Arg 6 nu nu 2.7 17.7 22.1 16.1
L-His 2.5 nu nu 0.52 5.1 8.3 9.2

polar, uncharged side chain and others
L-Gly 15 <0.10 <0.10 0.16 nu nu 1.2
L-Thr 9 <0.10 nu 0.72 nu nu 0.43
L-Ser 13 <0.10 <0.10 0.86 nu nu 0.74
L-Pro 18 <0.10 <0.10 <0.10 <0.10 <0.10 1.51
L-Cys 7 0.98 nu 1.9 nu

aMixture 1: all amino acids, except for L-Gln and L-Asn (pH 4.3). Mixture 2: aromatic amino acids (L-Phe, L-Tyr, and L-Trp) (pH 6.2). Mixture 3: all
amino acids, except for L-Gln, L-Asn, and amino acids with an apolar side-chain (L-Ala, L-Val, L-Leu, L-Ile, L-Cys, and L-Met) (pH 4.3). Mixture 4: all
amino acids, except for L-Gln, L-Asn, and their acidic counterparts L-Glu and L-Asp (pH 7.6). nu: no uptake.
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MIL-140C exhibited an affinity order L-Trp ≫ L-Tyr ≥ L-Phe
when only aromatic amino acids are considered. This affinity
order was rationalized by investigating the splitting of the νN−
H vibration of the indole moiety in L-Trp due to hydrogen
bonding mechanisms with the double Zr-oxide chain in the
MIL-140C framework. The affinity order between L-Phe and L-
Trp was preserved in a continuous column adsorption
experiment. These results indicate that MIL-140C has the
potential to recover aromatic amino acids from mixtures for
analytical AAA separation but also for workup of single-
compound fermentation broths, using this material as active
separation adsorbent in columns.
Studies with model mixtures that mimic the amino acid

composition of a wheat straw protein hydrolysate showed a fair
uptake of aromatic amino acids with considerable coadsorption
of mainly amino acids with acidic aliphatic side chains. In light
of these results, we emphasize the promising potential to apply
MOFs as adsorbents in amino acid separations and recovery.
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