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Inherent enantioselective adsorption and
photocatalytic removal of L-phenylalanine on
cerium phosphate films†

Nitai Arbell, ‡ab Shoval Gilboa‡b and Yaron Paz *ab

Chiral-surface interactions are of immense importance in the field

of enantioseparation, as a way of obtaining chirally-pure com-

pounds. Films of both rhabdophane and monazite-phase cerium

phosphate in a silica binder were found to exhibit enantioselective

adsorption of the chiral amino acid phenylalanine, purifying race-

mic solutions to 100% of the D-enantiomer. Likewise, using the

photocatalytic properties of cerium phosphate led to enriching

racemic mixtures to a D–L ratio of 9 : 1.

Chemical chirality is a seemingly minor aspect of molecular
structure, with surprisingly important implications, especially in
the biological world. Biological building blocks, from sugars to
nucleic acids and amino acids, are all chiral, and found in nature
almost exclusively with a specific handedness. Homochirality
has major consequences on the interactions between chiral
species and biological systems, leading to different (and often-
times dramatically so) biological effects of opposite enantiomers
of pharmaceuticals, fragrances, pesticides, and so on.1,2 Despite
the inherent need for chirally-pure compounds, enantiosepara-
tion remains quite a challenge in modern chemistry, as both
enantiomers typically, but not always,3 display virtually identical
physicochemical properties, apart from their interactions with
chiral environments. Several approaches towards enantiopurity
have been developed, including the asymmetric synthesis of
enantiopure products,4 or the separation of racemic mixtures,
for example, through chiral chromatography.5 However, there is
still a technological gap requiring bridging for the robust and
economical enantiopure production of many compounds.6,7

Asymmetric spatial interactions, which are at the base of most

of these separation methods, may take on several different
forms. Here, the structure of the moiety with which the chiral
specie interacts (e.g. crown ethers, diastereomeric salt-forming
auxiliaries) is critically important.8 Chiral selectivity also exists
for surface-adsorbate interactions, due to chirality-inducing
differences in the micro- or macrostructure of the surface.9–13

It is not always fully clear, however, what the source of this
preference is, which can also further manifest in phenomena
such as different electrochemical signals upon the interaction of
different enantiomers with an achiral electrode.4,14

One enantio-separation method that has shown promise in
recent years is enantioselective photocatalysis, which allows
kinetic resolution of racemic mixtures by the preferential degra-
dation of one enantiomer in a mixture, leaving its counterpart
intact. This preference can be induced by molecular imprinting of
the target enantiomer to be degraded in the photocatalytic matrix,
resulting in its preferential adsorption and photodegradation,15 or
by the inclusion of chiral templates for the growth of chiral
photocatalytic structures.16,17 The work discussed here, however,
describes an inherent chiral selectivity, resulting in enantio-
resolution of mixtures of L- and D-phenylalanine (PA), in hybrid
CePO4–SiO2 films, without the addition of any chiral modifiers.
This inherent enantioselectivity effect was noted in CePO4 both
for adsorption under dark conditions, and for photocatalytic
reactions, but was not displayed at all by similar films of TiO2, a
benchmark photocatalyst. This work has the potential to expand
the range and applicability of enantioselective heterogenous
interactions as a chiral separation method, based on both adsorp-
tion and photocatalytic modes. Additionally, this research has
possible implications on the asymmetric origins of life,18 with
CePO4 known to be a catalyst capable of the formation of
nucleotides and other biomolecules.19

Catalyst films were deposited by spin-coating on glass slides.
Three types of films were tested: a commercial, rhabdophane-
phase, cerium phosphate, a synthesized, monazite-phase, cerium
phosphate (both used as is), and P25 titania, all in a silica binder.
Characterization was carried out by XRD, scanning electron
microscopy, energy dispersive X-ray spectroscopy (SEM-EDS) and
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circular dichroism (CD). The films were placed in a Radley’s
carousel parallel reaction system with racemic and enantiopure
solutions of L- and D-phenylalanine (PA), and either left for 48
hours in the dark under stirring, or, following adsorption in the
dark for 24 hours, exposed to 365 nm LED illumination for
150 hours. The concentrations of both enantiomers in the reac-
tion solution were monitored using chiral high-performance
liquid chromatography (HPLC). Further experimental details can
be found in the ESI.†

Fig. S1 and S2 (ESI†) present micrographs and elemental
distribution maps of a film of rhabdophane and monazite-
phase CePO4 in a silica binder, respectively, used in this work.
The figures reveal an even distribution of photocatalytic parti-
cles in the silica matrix. P25 films were similarly well-dispersed,
as shown in the Fig. S3 (ESI†).

Adsorption and photocatalytic reaction experiments were per-
formed both in enantiopure solutions, containing only L- or D-PA
in each reaction vial, as well as in racemic mixtures. Presented in
Fig. 1 are exemplary chromatograms for racemic mixtures before
(Fig. 1A) and after 48 hours of adsorption. Similar chromato-
grams, showing the single-enantiomer adsorption experiments, as
well as both racemic and single-enantiomer photocatalytic experi-
ments, are shown in the ESI.† The trends seen in these chroma-
tograms, showing limited uptake of either enantiomer for P25
(Fig. 1B), versus a highly selective and complete (or almost so)
adsorption of L-PA for both CePO4 phases (Fig. 1C and D), were
repeated in duplicates for each film type.

Fig. 2 shows exemplary concentration curves, as deduced
from the HPLC analysis, for the adsorption experiments. In all
measured samples, both CePO4 phases (Fig. 2B1, B2, C1 and C2)
showed a high adsorption capacity, and a significant selectivity
towards the adsorption of L-PA. Single-enantiomer experiments
(Fig. 2B1 and C1) showed the same trend, i.e., preferential
adsorption of L-PA. Here, the selectivity ratio was higher (since

no adsorption of D-PA was measured), however, the adsorptivity
was somewhat lower. The faster adsorption in the racemic
experiments is intriguing and in contrast to our experience in
imprinting-induced chiral separation.15 A possible explanation
could be the inclusion of D-PA within the growing multilayers,
that assists in overcoming nascent mismatch faults. At any case,
this issue is still under study. In contrast to CePO4-containing
films, no enantioselective adsorption was observed on both P25
films containing silica binder (Fig. 2A1 and A2) and on films
made of pristine silica binder (Fig. S13, ESI†).

An important observation that was noted in all CePO4 films
was the presence of a lag-time in the adsorption of L-PA, suggest-
ing a mechanism requiring the formation of an initial nucleation
site before the more rapid adsorption of consequent layers.

Fig. 3 presents exemplary concentration curves for the photo-
catalytic experiments, split into two regions, with negative times
denoting the (dark) period of adsorption on the films, before the
start of illumination at t = 0. Control experiments showed no
appreciable photolysis or dark hydrolysis under reaction condi-
tions without a catalyst (ESI†). In a similar manner to the adsorp-
tion reactions, while films of both CePO4 phases showed
significantly enhanced selectivity towards the removal of L-PA, in
both racemic and single enantiomers experiments (Fig. 3B1, B2,
C1 and C2), films comprising of titania P25 and silica binder
showed no enantioselectivity (Fig. 3A1 and A2). Unlike the adsorp-
tion reaction, in enantiopure solutions (Fig. 3A1, B1 and C1),
complete removal was achieved after 150 hours (for both enantio-
mers in the case of P25, only for L-PA in both phases of CePO4), yet,
for racemic solutions, a much lower reaction rate was observed.

A potential explanation for the fact that the reaction rates
with the racemic solutions were lower than those with the
single enantiomers could be the higher concentration in the
single enantiomer experiments relative to the racemic mixture
experiments.

Comparing the kinetic data presented in Fig. 2 and 3, it is
evident that the disappearance of PA from the liquid phase was
faster in the adsorption experiments than in the photocatalytic
experiments, in which both adsorption and photocatalysis
contribute. Moreover, carrying out adsorption under dark con-
ditions appears to better and faster separate L-PA from D-PA
than performing adsorption and photocatalysis under illumi-
nation. These findings are seemingly counterintuitive. Since a
negligible temperature rise was measured in the reaction
vessels during illumination, a likely explanation could be the
photocatalytic removal of L-PA from the surface, inhibiting its
nucleation, a necessary stage for selective adsorption. This
stage is rather slow, as is evident by the observation of lag-
time (Fig. 2). This explanation is corroborated by the apparent
1st order kinetics (ESI†), which is different from the apparent
zero order kinetics reported in the photocatalytic degradation
of multilayers.20

The end-results from both types of experiments in racemic
solutions were averaged over all repetitions (up to 6). All
repetitions showed the same trend. Fig. 4A and B present the
percentage of overall removal of each enantiomer from the
racemic mixtures during adsorption and photocatalysis,

Fig. 1 Chiral HPLC chromatograms of phenylalanine (A) before reaction,
and (B)–(D) after 48 hours of adsorption under dark conditions on (B) P25,
(C) rhabdophane CePO4 and (D) monazite CePO4 films.
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respectively, manifesting the higher removal of L-PA. The photo-
catalytic selectivity is given in Fig. 4C, presenting the ratio
between the apparent first order rate constants (kL and kD for
L- and D-PA, respectively). This kinetic model showed a good fit
for the photocatalytic reactions (ESI†), unlike the adsorption
reactions, which present seemingly autocatalytic kinetics. Unlike
cerium phosphate, in which this ratio was 5–7 depending on its
phase, the obtained ratio with titanium dioxide was 1, as could
be expected from a non-selective photocatalyst.

In conclusion, this manuscript shows, for the first time to
our knowledge, the capabilities of cerium phosphate as a
material exhibiting inherent enantioselectivity towards an
amino acid substrate, both as an adsorbing matrix and as a
photocatalyst. The enantioselective adsorption on the CePO4

films was able to completely enrich initially racemic mixtures

up to 100% of a single enantiomer, while adsorbing a mixture
of around 80% purity of its counterpart. Photocatalytic reac-
tions similarly enriched racemic mixtures, albeit to a lower
extent, and over significantly longer time periods.

Additional preliminary work on a chemically different amino
acid, citrulline, showed the same effect (ESI†), suggesting that
this reported phenomenon may be general. It is possible, yet still
not proved, that this reported enantio-selectivity is connected to
the fact that rhabdophane has the chiral Söhncke space group
symmetry of P3121–P3221,21 and that monazite has a P21 sym-
metry, which, although not considered an enantiomorphic
space-group, still forms a chiral superstructure.18,22,23 Indeed,
a similar effect of selective adsorption on an inherently chiral
surface (L-serine on (CrMoTa)Si2 having a C40 P6222 crystal
structure) was reported recently.24

Fig. 2 Exemplary concentration curves for the adsorption under dark conditions of L- (blue circles) and D-phenylalanine (red triangles), as measured in
solution for (A) P25, (B) rhabdophane CePO4 and (C) monazite CePO4 films, for (1) a single enantiomer at a time, and (2) racemic mixtures.

Fig. 3 Exemplary concentration curves for the photocatalytic reaction of L- (blue circles) and D-phenylalanine (red triangles), as measured in solution for
(A) P25, (B) rhabdophane CePO4 and (C) monazite CePO4 films, for (1) a single enantiomer at a time, and (2) racemic mixtures. Negative times denote
adsorption under dark conditions before the start of illumination at t = 0.
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In an attempt to gain insight on the origin of the enantios-
electivity of cerium phosphate, circular dichroism measurements
were performed on the CePO4 particles embedded in KBr pellets,
according to an established technique.25 Unfortunately, results
were inconclusive, although some dichroic signal was observed
(ESI†). Likewise, EBSD-SEM and polarimetry did not yield any
meaningful information due to the small size of the crystallites
and scattering effects, respectively. We would like to emphasize
that enantioselective adsorption is not limited to chiral crystals
but may appear on non-chiral crystals exposing chiral surfaces.13

All in all, the origin of the enantio-selectivity of cerium phosphate
is still under investigation by us, in particular in the context of
origin of life.

While it is evident that in this specific case, enantioselective
adsorption is a markedly efficient chiral purification method,
the fact that the enantio-selectivity of the surface interactions is
carried over to the photocatalytic reaction may be useful in
different reaction systems or applications. Moreover, due to the
theorized importance of both silicate minerals18 and CePO4 in
the origin of life,19 these findings may even have implications
on our understanding of the origin of homochirality in biolo-
gical systems. Additional investigations into the matter will be
published in a follow-up article.

All authors contributed significantly to the work presented
in this manuscript. S. Gilboa and N. Arbell carried out all
aspects of this research equally, under the guidance of Y. Paz.
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Fig. 4 Averaged percent removal of L-PA (full bars) and D-PA (striped bars)
from the liquid phase following adsorption in the dark (A) and following
photocatalytic reaction (B). The averaged enantiospecific kinetic constant
ratio (kL/kD) in the photocatalytic reactions is also given (C).
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