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Abstract

Most adsorption experiments are performed under conditions that did not exist
on Earth before the life arose on it. Because adsorption is the first step for all
other processes (protection against degradation and polymerization), it is
important that it is performed under conditions that existed on prebiotic Earth. In
this paper, we use an artificial seawater (seawater 4.0 Ga), which contains
major cations and anions that could present on the oceans of the prebiotic
Earth. In addition, zeolites, with substituted Fe in the framework, and adenine
were probably common substances on the prebiotic Earth. Thus, study the
interaction between them is an important issue in prebiotic chemistry. There are
two main findings described in this paper. Firstly, zeolites with different Si/Fe
ratios adsorbed adenine differently. Secondly, XAFS showed that, after
treatments with seawater 4.0 Ga and adenine, an increase in the complexity of
the system occurred. In general, salts of seawater 4.0 Ga did not affect the
adsorption of adenine onto zeolites and adenine adsorbed less onto zeolites
with iron isomorphically substituted. The C=C and NH; groups of adenine
interacted with the zeolites. Gypsum, formed from aqueous species dissolved in
seawater 4.0 Ga, precipitated onto zeolites. EPR spectra of zeolites showed
lines caused by Fe framework and Fe*" species. TG curves of zeolites showed
events caused by loss of water weakly bound to zeolite (in the 30 - 140 €
range), water bounded to iron species or cations from seawater 4.0 Ga or
located in the cavities of zeolites (157 - 268 ) and degradation of adenine
adsorbed onto zeolites (360 - 600 °C). Mass loss follows almost the same order
as the amount of adenine adsorbed onto zeolites. The XAFS spectrum showed
that Fe®*" could be substituted into the framework of the Fe;-ZSM-5 zeolite.

Keywords: prebiotic chemistry; adsorption; nucleic acid base; iron zeolites;
seawater



1. INTRODUCTION

Zeolites are crystalline microporous aluminosilicates with a periodic
arrangement of cages and channels and are widely distributed on the Earth [1,
2]. Zeolites are among the oldest minerals occurring on our planet [1, 3], and
occur in several different geologic environments including hydrothermal
systems, sedimentary rocks, alkaline igneous rocks, and in miscellaneous joints
and cavities in rocks [4-6].

Zeolites play important roles in several human activities and are used in
adsorption and catalysis processes, agriculture, nuclear waste and fallout
treatment, construction, and water and wastewater treatments [6-12]. Synthetic
zeolites with Fe®" incorporated into their framework have shown a catalytic
effect for chemical reactions, degradation of dyes, and adsorption of salts [13-
20].

Zeolites could also have played important roles in the origin of life on
Earth by concentrating biomolecules and protecting them from degradation by
UV radiation and hydrolysis, forming biopolymers and primitive cells [21-26]. In
fact, relatively high silica zeolites such as mutinaite [27] and tschernichite [28],
natural analogues of ZSM-5 and zeolite beta, respectively may have played a
role in the biochemical evolution that occurred in the early history of Earth with
the incorporation of amino acids into the first primitive proteins [28].

An important property of zeolites is their organophilic character, meaning
that, unlike most minerals, they can adsorb uncharged biomolecules as much
as they can adsorb charged biomolecules [24, 29, 30]. The
hydrophilic/hydrophobic character of zeolites can be modified by changing the

Si/Al ratio or the metal in the crystalline framework. The isomorphic substitution



of Si by trivalent cations such as B**, AI*®> and Fe** create more Bronsted acid
sites in the zeolite [31]. Because iron is the fourth most abundant element in the
crust of Earth, it should be expected to be incorporated in the framework of
natural zeolites [32-34].

Nucleic acid bases were probably synthesized on the prebiotic Earth and
were also delivered by exogenous sources such as meteorites, comets, or
interplanetary dust particles. Adenine (Figure 1), which is used in this work, was
found in meteorites and formed under conditions found on the prebiotic Earth
[35-38].

In addition, there is evidence for the existence of liquid water on Earth
4.4 billion years ago [39], the first permanent ocean was probably formed 3.9
billion year ago, after a decrease in heavy bombardment [40]. According to
Knauth [41] the primitive oceans were 1.5 to 2 times more saline than today
and Na* and CI” were not the major ions. Using the work of Izawa et al. [42],
Zaia [30] suggested an artificial seawater in which the major ions are Mg?*,
Ca®* and SO,*. This seawater, probably, resembles more closely (than
modern-day seawater) the real composition of seawater of the prebiotic Earth
and is hereafter, in this work, referred to as Seawater 4.0 Ga. As suggested by
Zaia [30], studies of adsorption of biomolecules onto minerals, as well as
prebiotic chemical reactions, should be performed in artificial seawater
solutions that resemble the ancient oceans rather than in solutions of ultrapure
water or NaCl. Using a seawater that more closely resembles the oceans of the
prebiotic Earth in terms of its major cations and anions is of paramount
importance for experiments in prebiotic chemistry because interactions between

the cations and anions from the seawater and the organic molecules and



minerals can alter the adsorption process [3, 20, 29, 30]. Seawater 4.0 Ga
better resembles the chemical composition of primitive oceans, meaning that
the results obtained will be more reliable than those of experiments performed
in ultrapure water or saline solutions.

Because both adenine and zeolites, including Fe-zeolites, were present
in the prebiotic Earth, the interaction among them is an important issue for
understanding prebiotic chemistry. In the present work the adsorption of
adenine (Figure 1) onto Fee-ZSM-5 (material with Fe®* exchangeable) and Fe-
ZSM-5 zeolites was studied at pH 4.0 both in ultrapure water and in a seawater
solution with a chemical composition that resembles the major cations and
anions of the seawater of 4.0 billion years ago (4.0 Ga). FTIR spectroscopy,
thermal analysis, scanning electron microscopy (SEM), electronic paramagnetic
resonance (EPR), X-ray diffraction, and Fe K-edge XAFS methods were used to

study the interactions between adenine and zeolites.

2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Adenine and ZSM-5 zeolite
Adenine (Figure 1) was purchased from Sigma Aldrich and was used as
received. Commercial ZSM-5 zeolite with Si/Al = 25 was supplied by Zeolyst

International.

2.1.2. Synthesis of Feeg-ZSM-5 and Fe-ZSM-5 zeolites

Feex-ZSM-5 was prepared by wet ion exchange (WIE) according to the
procedure reported by Melian-Cabrera et al. [43] on the as received ZSM-5



sample by stirring 1.446 g of the parent zeolite in a 2.0 wt % Fe>* solution at
initial pH 2.5, at room temperature for 2 h.

Fe-zeolites (Fe3-ZSM-5, Fes-ZSM-5, Fes-ZSM-5, Feg-ZSM-5, and Fer-
ZSM-5) were prepared using a methodology adapted from Tuan et al. [31] for
isomorphously substituted ZSM-5-based membranes. The gel was prepared
from a mixture of silica sol (Ludox AS40) as silicon source and
tetrapropylammonium hydroxide (TPAOH) as a structure-directing agent, for
later addition of iron nitrate (Fe(NOs)3). The composition of the gel was 1.5
TPAOH 19.5 Si0,:0.195Fe**:438 H,O with a Si/Fe ratio of 100 for all samples.
Volume gel, temperature, and agitation time for gel formation were varied
(Table 1). The gel was added in the autoclave for hydrothermal synthesis. The
temperature of the autoclave was maintained at 185°C for all samples. As
measured by energy dispersive X-ray (EDX), the Si/Fe ratios in the samples
ranged from 4.6 to 18 (Tables 1, 2). The amount of each zeolite obtained is

shown in Table 1.

2.1.3. Seawater 4.0 Ga

The following substances were weighed and dissolved in 1.0 L of
solution with ultrapure water: 1.909 x 10 mol of sodium sulfate, 2.457 x 107
mol of magnesium chloride hexahydrate, 1.701 x 10 mol of calcium chloride
dihydrate, 4.730 x 10™® mol of magnesium bromide, 2.296 x 102 mol of

potassium sulfate, and 0.1242 mol of magnesium sulfate [30].

2.2. Methods
2.2.1. Adsorption of adenine

Adenine was dissolved in ultrapure water and seawater 4.0 Ga at a
concentration of 720 pug mL™. The zeolite (20 mg, either Feex-ZSM-5 or Fe-
ZSM-5 zeolite) was placed in an Eppendorf tube (1.5 mL) containing: (a) 1.0 mL

of seawater 4.0 Ga with or without 720 pg mL™* of adenine or (b) 1.0 mL of



ultrapure water with or without 720 ug mL™ of adenine. For standardization, the
pH of the solutions was adjusted to 4.0 by adding 1.0 mol L™ HCI and stirring for
24 h at room temperature before being centrifuged for 10 minutes at 6000 rpm.
The solid was separated from the supernatant, lyophilized, and analyzed using
FTIR, thermal analyses (TG), scanning electron microscopy (SEM), X-ray
diffractometry, electronic paramagnetic resonance (EPR) and XAFS. After it
was lyophilized, the supernatant was used for nucleic acid measurements (see

below) and analyzed by electronic paramagnetic resonance (EPR).

2.2.2. UV/VIS spectrophotometric method

Absorbance was determined using a Shimadzu UV-Vis
spectrophotometer. Adenine was determined by reading the absorbance in the
UV region using a wavelength of 260 nm. The following equation was used for

the calculation of the amount of base adsorbed on the zeolite:

Cadsorbed (Mg) = (Cinitial - Csolution), where Csolution = [ (Cinitial) (Abssample/AbSinitial)]-

2.2.3. FTIR spectroscopy

The IR spectra were recorded with a Shimadzu 8300 FTIR
spectrophotometer. KBr disc pellets were prepared and spectra were recorded
in transmission mode from 400 cm™ to 4000 cm™ with a resolution of 4 cm™
and 98 accumulations. FTIR spectra were analyzed using the Origin software

(Origin Lab Corporation, version 8.0, 2007).

2.2.4. Electronic paramagnetic resonance (EPR) spectroscopy
The samples were analyzed by EPR at X-band (ca. 9.5 GHz) with a 20 G

modulation amplitude and magnetic field modulation of 100 kHz using a JEOL
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(JES-PE- 3X) spectrometer at room temperature. 2,2-diphenyl-1-picrylhydrazyl
(DPPH) was used as the g-marker and standard for line intensity, using its two
spectral lines. The g-factor (g,) of each line in the EPR spectra was calculated
using the equation:

=2 (1)

92 B,

where g; is the value of the DPPH g-factor (g=2.004) and B; and B, are

the magnetic field values of the central line of DPPH and sample, respectively.

2.2.5. X-Ray diffractometry

Zeolites were analyzed by powder X-ray diffraction using a Shimadzu D
6000 diffractometer using Co Ka radiation (40 kV, 30 mA) and an iron filter in a
step-scanning mode (0.0226/0.6 s). All peak positions were analyzed using

Grams software (Thermo Scientific, version 8.0).

2.2.6. Thermal Analyses (TG)
The TG curves of lyophilized samples were obtained with a Perkin-Elmer
TGA 4000, with a scan from 50 °C to 900 °C, with a heating ratio of 10 °C/min,

a nitrogen flow of 20 mL/min, and using 20 mg of sample.

2.2.7. Scanning Electron Microscopy (SEM)
The morphology of Fe-zeolite particles was observed using a HITACHI

S2300 scanning electron microscope at 10 kV on gold sputtered samples.

2.2.8. BET isotherm
A Micromeritics Tristar 3000 was used to obtain the N, adsorption

isotherm and calculate the Brunauer, Emmett, and Teller (BET) specific surface



area. The BET surface area was determined from a plot of P/v(Po-P) versus

P/Pao from equation:

P _ 1 (c—1)P
v(Po—P) vm.C+ Cvm.Po (2)

where Py is the equilibrium pressure, P is the saturation pressure, v is the
adsorbed gas volume, vy, is the monolayer adsorbed gas volume, and C is a
BET constant. The surface areas and pore sizes of all zeolites are summarized
in table 1. Samples were degassed at 200  for 8 h under vacuum before

measurement.

2.2.9. XAFS data collection

X-ray absorption spectra of the Fe K-edge were collected at the
XAFS1 beamline of, LNLS — Brazilian Synchrotron Light Laboratory (under
proposal XAFS1-16161). The energy was calibrated for each scan by the Fe K-
edge of an iron foil. The samples were prepared as disc pellets and supported

on slides with Kapton tap.

2.2.10. XAFS data processing

The XAFS fits were performed using k', k* and k® weighting. The
reference material used was Fe,O3; (hematite) for Fe-O and Fe-Fe, according to
parameters reported by Blake et al [44]. The softwares Athena and Artemis
were used for data processing. The ATOMS and FEFF6 computer codes were

used for ab initio calculations.



2.2.11. Statistical Analysis
The Tukey test was used to compare means at a significance level of p <

0.05.

3. RESULTS AND DISCUSSION
3.1. Adsorption

Table 2 shows the amount of adenine adsorbed onto Feex-ZSM-5 and
Fe-ZSM-5 zeolites at pH 4.00 in two different solvents (ultrapure water and
seawater 4.0 Ga). The adsorption order of adenine onto zeolites, in ultrapure
water and seawater 4.0 Ga, were: Feex > Fe7 > Fe, > Fes = Fes > Feg and Feey >
Fe; > Fe, > Fes > Fesz > Feg, respectively (Table 2; p < 0.05). Using Seawater
4.0 Ga, the amount of adenine adsorbed onto Fees-ZSM-5 was 33.1 pg mg™.
Using a different artificial seawater, Bau et al. [25] obtained a similar amount
(27.4 pg mg?) of adenine adsorbed onto ZSM-5. Because zeolites have a
permanent negative charge [45] and the pKa of adenine is 4.20, it is positively
charged at pH < 4.20 due to the protonation of nitrogen 1 (Figure 1) [46], the
interaction between them could be electrostatic which explains the similar
adsorption even though the adenine was dissolved in different seawaters.
Electrostatic interactions were also cited as an explanation for the interaction
between adenine and clay minerals at acidic pH [47-52]. Studies of the
adsorption of nitrogenous base onto TiO, show that this material has a higher
adsorption capacity at pH < 5.00 for adenine and cytosine than other
nitrogenous bases [53]. Adenine adsorption onto clays was also higher than
that of uracil and thymine [54]. Another study of adenine adsorption on different
materials observed the adsorption order: pyrite > quartz > pyrrhotite > forsterite
> magnetite. The authors attributed this difference to the difference between the
mineral crystal structures and the relative proportions of uncharged surface
sites [55]. Compared with the seawater used by Bau et al. [25], Benetoli et al.
[50], and Carneiro et al. [52], which is rich in Na® and CI', the seawater used in
this paper better resembles the oceans of the prebiotic Earth, with high

concentrations of Mg?*, Ca®*, and SO, thus, the results are more significant.
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Seawater 4.0 Ga had an effect on the adsorption of adenine for the Fe-
ZSM-5 zeolite, with higher values in ultrapure water (Table 2, p < 0.05). A
similar result was observed by Winter and Zubay [48] when adenine was
adsorbed onto montmorillonite in artificial seawater rather than in a buffer
solution. For other zeolites the adsorption was similar in both solvents (Table 2,
p > 0.05). This is a positive result, because if the adsorption did not occur all
other roles played by minerals could be compromised. Thus, in prebiotic
studies, is important to use a seawater whose chemical composition resembles
that of the oceans of primitive Earth.

For Fe-ZSM-5 zeolites, the amount of adenine adsorbed is significantly
lower than it is for Fe.x-ZSM-5 and this effect can be a result of the presence of
iron in the structure of material. Because, in the synthesis of zeolites, iron
replaces the silicon, in general, the increase of Si/Fe ratio decreases the
amount of adenine adsorbed (Table 2, p < 0.05), since the material has a lower
negative charge and the electrostatic interaction is diminished. However, the
Fe;,-ZSM-5 has the highest value of Si/Fe ratio, but this material showed the
highest adsorption among Fe-ZSM-5 zeolites (Table 2). One explanation for this
observation is that the Fe;,-ZSM-5 zeolite has the largest pore volume, probably
due to the generation of some mesoporosity, during the synthesis (in agreement
with the SEM characterization shown below), enabling higher adsorption than
other zeolites with iron isomorphically substituted (Table 2). The pore volume is
an important parameter that directly influences the adsorption. Adsorption
experiments for amino acids on ZSM-5 and ZSM-11 showed a selective
adsorption of leucine in the presence of phenylalanine because the lower pore

volume of these materials favored the diffusion of smaller molecules like leucine
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over phenylalanine [56]. Gonzalez-Olmos et al. [16] observed that the
adsorption of MTBE (methyl tert-butyl ether) was higher in Fe-beta zeolite than
on Fe-ZSM-5 zeolite because of the difference in pore volume for these
materials. Because the Fe-beta zeolite has larger pore dimensions (6.5 A x 5.6
A and 7.5 A x 5.7 A) than Fe-ZSM-5 zeolite (5.1 A x 5.5 A and 5.4 A x 5.6 A)
and the MTBE has a diameter of 6.2 A, the molecule should be more easily able
to enter the pores of the beta zeolite. In addition, as in case of Al-ZSM-5
zeolites, the higher Si/Fe ratio the lower the hydrophilicity (due to minor content
in exchanging sites), favoring the adsorption of organic compounds over that of
water. Other explanation for the higher adsorption observed in Fe;-ZSM-5
zeolite is the smaller particle aggregation observed for this material in SEM
images (Figure 3). Small particles provide higher contact surface for the
adsorption of adenine onto Fe;-ZSM-5 zeolite. As shown in Figure 3 others Fe-
ZSM-5 zeolites have higher aggregation levels and patrticle size. Gorshunova et
al [57] suggested that the zeolite size affect the rate of diffusion of adsorbate
molecules into material surface. The adsorption rate in mordenite with higher
particle size is somewhat less than mordenite with lower particle size [57].

The infrared spectrum of adenine (Figure 2 aj, by) in the region between
1550 cm™and 1750 cm™ showed two bands at 1603 cm™ and 1673 cm™, which
can be attributed to C=C stretching and NH; in plane bending, respectively [26,
58, 59]. In the same region, Fes-ZSM-5 and Fe;-ZSM-5 showed a band at
1631cm™ (Figure 2 as, bs), attributed to the bending of O-H groups in the
hydration water of the mineral [25, 60]. The spectra a,; and as of figure 2 are for
lyophilized samples of Fee-ZSM-5 after adsorption of adenine in ultrapure

water and seawater 4.0 Ga, respectively, at pH 4.00. The spectra showed that
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the band at 1603 cm™ was shifted 101626 cm™ and the band at 1673 cm™ was
shifted to 1694 cm™. These data suggest that the site for the interaction of the
adenine with the mineral is the C=C group from the six-membered ring of
adenine and the NH, group. However, the band at 1626 cm™ was in the same
region as the bending of the O-H group of the hydration water from the zeolite.
The same behavior occurs in the Fe;-ZSM-5 zeolite after adsorption of adenine
onto the zeolite (Figure 2, by, bs). Another possibility is the formation of a
complex between the cations Ca®" and Mg®" from the artificial seawaters,
adsorbed onto zeolites and adenine [26]. The chelation occurs in the bidentate
position through the NH, group and nitrogen of the imidazole ring [26]. This
result shows that is important to have a seawater whose composition resembles
the composition of the oceans of primitive Earth, because the salts affect the
adsorption process. Protonated adenine has bands at 1573 cm™, 1609 cm™ and
1699 cm™ [26]. The pH 4.0 is lower than pKa 1 of the nuclei acid base [46], and
these bands are expected in the region 1550 cm™ to 1750 cm™.However, the
band at 1573 cm™ was not observed in our spectra (Figure 2, a,, as b, bs).
Probably, deprotonation occurred when the adenine was adsorbed onto
zeolites.

The NH group could be also involved in the interaction of adenine with
clays, zeolites, and metals [25, 50, 52, 61, 62]. However, McNutt et al. [63]
suggested that the interaction between adenine and Cu (110) occurred through
the N atoms from the pyrimidine ring. It should be noted that zeolites and clays

are very different from Cu.

3.2. Interaction between adenine and zeolites
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The Fee-ZSM-5 and Fe-ZSM-5 zeolites were characterized using
scanning electron microscopy (SEM), X-ray diffraction (XRD), electronic
paramagnetic resonance (EPR), thermal analyses and XAFS. The images from
the SEM showed that the commercial ZSM-5 particles were lower than 1 pum
size (Figure 3 a). The isomorphic substitution of aluminum by iron did not
change the morphology of the material, but the ZSM-5 crystals were assembled
in spheres (Figure 3 b-e). However, these materials showed larger particle sizes
as can be observed in Figure 3. Fee,-ZSM-5 (material with exchangeable Fe*")
showed similar particles sizes to ZSM-5 precursor shown in Figure 3 a.
However, Fe;,-ZSM-5 zeolite (Figure 3 f) presents a different morphology with
nanosized particles (~ 100 nm) responsible for the especial adsorption
properties above mentioned.

X-ray diffractograms show that stirring zeolites with ultrapure water and
seawater 4.0 Ga, with and without adenine, and at pH 4.0 did not cause
apparent dissolution of the minerals (Figure 4). This is an important result for
prebiotic chemistry because the interaction between them likely involved
adsorption [30]. It should be noted that adsorption is the first step for all other
processes (protection against degradation, formation of polymers) that minerals
may be involved in. In treatments using seawater 4.0 Ga, the diffractograms
show one basal plane at 13.5 degrees that could be the result of the
precipitation of gypsum (CaSO, 2H,0) onto the zeolites. These results are
expected because seawater 4.0 Ga is rich in calcium and sulfate. Bau et al. [25]
obtained similar results with synthetic zeolites mixed with artificial seawater.
Finally, XRD did not show the presence of other peaks different from those

corresponding to MFI-type zeolite structure of Fe-ZSM-5. This suggest no
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detectable by XRD Fe present in the form of oxides, salts or crystalline complex
species. As shown below, complementary characterization tools were need to
address this important point.

EPR spectroscopy provides valuable information about the different
symmetries or distortions resulting from substitution of the iron in Fe-ZSM-5
zeolites. Fey, Feg and Fe;-ZSM-5 zeolites showed three lines—two in the region
at g = 2 and another at g = 4.7 (Figure 5). Fes-ZSM-5 showed two lines—one at
g = 2 and another at g = 4.7 and Feg-ZSM-5 showed one at g = 2 (Figure 5).
The lines at g = 2 could be a result of Fe,Oy clusters and Fe** framework
species [14, 15]. As pointed out by Fejes et al. [14], Fe*" can be incorporated
into the zeolite as a framework or extra-framework component and iron
hydroxide (FeO-(OH), Fe(OH)3) and iron oxide clusters that do not interact
magnetically can be formed from the extra-framework iron as a result of heating
and reaction with water vapor. Fees-ZSM-5, which contains exchangeable Fe®*,
showed only the line at g = 2, characteristic of Fe,Oy clusters [15]. According to
Tuan et al. [31], because the ionic radius of Fe** is larger than that of Si**, some
extra-framework Fe can be formed. The line at g = 4.7 is an indication that Fe**
is present in the framework of the zeolites [33]. Using FTIR spectroscopy,
Szostak et al. [33] also observed a band caused by framework Fe that
appeared at 656 cm™ (—(Si-O-Fe)n stretching). However, our FTIR spectra did
not show a band at 656 cm™, nor any band characteristic of framework Fe. We
also did not observe any band caused by iron oxide-hydroxides. An
investigation in the region 25 cm™ to 400 cm™ was also performed; however,
the spectra showed only characteristic bands of ZSM-5 zeolite. Joyner and

Stockenhuber [13] and Ugrina et al. [20] also did not observe bands caused by
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—(Si-O-Fe)n stretching or iron oxide-hydroxides. Another possibility is that the
line at g = 2 could be a result of iron cationic species {(Fe(H.0)s",
[Fe(H,0)sOH]**, [Fe(H.0)4(OH),]", Fe, (OH),*'} adsorbed onto negatively
charged zeolite surface [20]. According to them, at pH = 3.6, all those iron
species could exist on a zeolite surface with [Fe(H.O)sOH]** dominating. It
should be noted that our experiments were performed at pH’s in the range from
3.04 to 4.66 (Table 2). EPR spectra of samples of seawater 4.0 Ga mixed with
zeolites showed a weak band at g = 2, the spectrum of lyophilized seawater 4.0
Ga did not shown this band (Figure 5). Thus, a small amount of Fe** was
withdrawn from the zeolites. Unlike X-ray diffraction methods, EPR is very
sensitive: it can determine Fe** at levels of parts per billion (ppb). This confirms
that seawater 4.0 Ga did not compromise the roles played by these zeolites.
Table 3 shows the values for each event for all zeolites tested without
treatment and for lyophilized samples after the adsorption of adenine dissolved
in seawater 4.0 Ga and ultrapure water. In the temperature range from 30 °C to
140 °C , with a maximum in the range 52 °C to 89 °C, all zeolites showed an
event that it is characteristic of the loss of hydration water weakly bound to the
zeolite [19, 60]. Zeolites mixed with seawater 4.0 Ga showed a higher loss of
water than zeolites mixed with ultrapure water or without treatment (Table 3).
This occurs because seawater 4.0 Ga contains divalent cations (Mg**, Ca®")
which can be adsorbed onto the material surface, there being hydrated and
water is retained on the zeolite [60, 64, 65]. Alver et al. [64] observed that
dehydration is strongly dependent of the exchange cation and materials
containing cations with high hydration energy, such as Ca®', contain

significantly more H,O than monovalent cations like K*. It should be noted that
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seawater 4.0 Ga is rich in Mg** and Ca®" [30]. Besides Mg®" and Ca** from
seawater 4.0 Ga, more water was adsorbed into the cavities and surface of
zeolites. This did not prevent the adsorption of adenine (Table 2).

Table 3 also shows a second event in the range from 140 °C to 360 °C,
whose peaks ranged from 157 °C to 349 °C; some zeolites showed two peaks.
This event could be caused by water strongly bound to exchangeable cations
such as iron species or cations from seawater 4.0 Ga as well as from water
located in the cavities of zeolites [19, 20, 60, 64]. The peaks of the second
event showed two ranges of temperatures: one from 157 °C to 268 °C and other
from 322 °C to 349 °C (Table 3). These ranges could be an indication that water
is bound to different cations showing different dehydration enthalpies, probably
Ca/Mg/Fe [60, 64, 66]. Mass loss for this event was much lower than that
observed for the first event (Table 3). Other authors also observed a decrease
in mass loss for the second event [60, 64]. The second event was not observed
for two zeolites mixed with ultrapure water (Fe;-ZSM-5, Fe;,-Adn-ZSM-5) and
three with seawater 4.0 Ga (Fe7-Adn-ZSM-5, Feex-ZSM-5, Feex-Adn-ZSM-5)
(Table 3). Fez-Adn-ZSM-5 (ultrapure water, seawater 4.0 Ga) and Feex-Adn-
ZSM-5 adsorbed a high amount of adenine (Table 2). Thus, adenine could
displace the water from the cations or the pores of zeolites and, consequently,
the event was not observed.

All zeolites on which adenine was adsorbed showed an event between
360 °C and 600 °C (Figure 1 SM, Table 3). This event could be associated with
thermal degradation of adenine that occurs in the temperature range from 247
°C to 438 °C [67]. It should be noted that the mass loss (Table 3) follows almost

the same order as the amount of adenine adsorbed onto zeolites (Table 2). For
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zeolites without adenine adsorption, this event could be caused by the loss of
more strongly associated water [19, 20, 60, 64].

The samples of the zeolite Fe;-ZSM-5 with and without the treatments
were subjected to XAFS analysis. Figure 6 shows the normalized XAFS spectra
for the Fe;-ZSM-5 zeolite samples. The pre-edge peak at 7114 eV could be
attributed to quadrupole transitions from the 1s to 3d orbitals [68]. This transition
is forbidden for octahedral coordination, but allowed for tetrahedral and
distorted octahedral coordination [69]. This could be more evidence that Fe**
was substituted into the framework of Fe;-ZSM-5 zeolite, as was also shown by
EPR spectroscopy (Figure 5-d). It should be noted that the sample Fe;-ZSM-5-d
(Figure 6-d) had an energy shift of the peak from 7114 eV to 7115 eV. This shift
could be a result of interaction between Fe** and adenine. It should also be
noted that, for the sample of adenine adsorbed onto Fe;-ZSM-5-e (Figure 6-e)
in seawater 4.0 Ga, this shift was not observed. This could mean that in
ultrapure water adenine interacts with Fe** and in seawater 4.0 Ga adenine
interacts with the cations adsorbed onto the zeolite. According to Battidtion et.
al. [70], the shift of the pre-edge peak to higher energies was related to the
decrease of symmetry and the coordination number of neighbors. The Fes-
ZSM-5-d sample has a decrease of the coordination (CN) (Table 4) and the
highest value of E, for all coordination shells. This behavior could be attributed
to adsorption of adenine (Table 2, 4) its coordination to the Fe atom could
promote a distortion in the symmetry and the energy shift on the pre-edge. FTIR
spectra also showed an interaction between adenine and Fe;-ZSM-5 zeolite

(Figure 2-b).
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Figure 7 shows the curves and the fitted spectra in x(k) and the Fourier
transform x(R), all plotted with k*-weighted spectra. The first peak, near 0.7 A
and 2.1 A in in R-space, is due to the O shell around Fe in all five samples. For
the sample Fe;-ZSM-5-a, without previous treatment, the second peak at 2.1 A
to 2.9 A is attributed to the Fe-Fe; shell. However, the samples Fe;-ZSM-5-b, c,
d, and e, with treatment (ultrapure water with and without adenine, seawater 4.0
Ga with and without adenine) showed a third peak at 2.9 A to 3.4 A that is
attributed to the Fe-Fe; shell.

The parameters obtained from the fits to the multi-shell analysis are
reported in table 4. The Fe;-ZSM-5-a sample (without treatment) showed only
two shells (Fe-O and Fe-Fe;). The synthesis of an Fe-ZSM-5 resulted in the
formation of a Fe,Oj3 clusters [71]. However, when the sample was submitted to
any treatment (Fe;-ZSM-5-b-e), it was transformed, and the best fit presented
another Fe-Fe; shell. The second iron shell could be caused by the formation of
hydroxide particles such as goethite (FeOOH) [72]. The distance for Fe-Fe; is
3.28 A to 3.31 A, which is close to the distance observed in goethite, which is
3.28 A [73]. This could be explained by an interaction of the Fe with water (Fe;-
ZSM-5-b), cations of the seawater (Fe;-ZSM-5-c), adenine (Fe;-ZSM-5-d-e), or
an association of all. It should be noted that EPR spectra showed a line at g = 2
that could be caused by Fe,Oy clusters (Figure 5-d).

The decrease CN of the samples Fe;,-ZSM-5-c, d and e could be a
result of the loss of Fe to the solution (e.g. by ion exchange), as it can be
observed as a signal of g=2 in the EPR spectroscopy (Figure 5-i), even if the X-
ray diffractograms do not point to a dissolution of the material (Figure 4-e).

Another explanation for the decrease is the formation of a hydroxide iron phase
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as Goethite and hematite have a CN of 2 and 4 for the Fe-Fe; shell and 2 and 3
for the Fe-Fe; shell, respectively [72, 74].

The increase in the value of the Eq of all shells, according to each
treatment (Table 4), could be interpreted as an increase in the complexity of the
system caused by the addition of the seawater and adenine and it could be
concluded that the hematite reference is not enough to explain those systems

(Fes-ZSM-5-d and e).

4. CONCLUSION

Adenine showed the highest adsorption onto Feew-ZSM-5 (Fe*®
exchangeable), followed by Fe;-ZSM-5. The adsorption of adenine was lower in
Fe-ZSM-5 zeolites with iron isomorphically substituted. For Fe;-ZSM-5 the
adsorption was statistically different in ultrapure water and seawater 4.0 Ga.
The pore size of zeolites had an effect on the adsorption of adenine.

FTIR spectra showed that the locus for interaction between the adenine
and zeolite occurs at the adenine C=C and NH, groups.

The SEM images shows that Fe-ZSM-5 zeolite has spherical particles
and the X-Ray diffractograms show that adenine had no effect on the
dissolution of material. In treatments with seawater 4.0 Ga, the diffractograms
showed precipitation of gypsum (CaSO,4 2H,0) onto zeolites.

EPR spectra of Fes-, Feg-, and Fe;-ZSM-5 zeolites showed three lines:
two in the region at g = 2 and another at g = 4.7. Fes-ZSM-5 showed one line at
g = 2 and another at g = 4.7 and Fee-ZSM-5 only one line at g = 2. The lines at

g = 2 could be caused by Fe** species adsorbed onto zeolites as well as by the

Fe framework. The line at g = 4.7 could be attributed to the Fe framework. FTIR
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spectra did not show any characteristic band of framework Fe or any band
caused by iron oxide-hydroxides.

TG curves for the zeolites showed an event between 30 °C and 140 °C,
characteristic of the loss of hydration water weakly bound to the zeolite. The
second event (140 °C to 360 €C) was a result of water bound to exchang eable
iron species or cations from seawater 4.0 Ga and water located in the cavities
of zeolites. Some zeolites showed two peaks (157 °C to 268 °C and 322 °C to
349 °C) in this region, probably because of the different dehydration enthalpies
of the cations (Fe/Ca/Mg). The third event (360 °C to 600 °C) could be
attributed to the degradation of adenine adsorbed onto zeolites and strongly
associated water. For the zeolites with adenine adsorption, mass loss follows
almost the same order as the amount of adenine adsorbed onto zeolites.

XAFS spectra of Fe;-ZSM-5 zeolites showed a peak at 7114 eV, a
transition that is allowed for tetrahedral or distorted octahedral coordination.
This could be evidence that Fe®*" was substituted into the framework of Fe;-
ZSM-5 zeolite. After the adsorption of adenine onto Fe;-ZSM-5 zeolite, a
decrease in the CN and the highest value of Eq for all coordination shells was
observed. After the samples were submitted to treatments, a second iron shell
was observed that could be a result of the formation of iron hydroxides. The
increase in the value of the Eq of all shells according to each treatment could be
interpreted as an increase in the complexity of the system given by the addition
of seawater 4.0 Ga and adenine, and it could be concluded that the hematite
reference is not enough to explain those systems.

As general conclusion, this work shows the adsorption interaction

between adenine and Fe-zeolite both coexisting in the prebiotic Earth. This
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interaction is an issue of paramount importance for understanding prebiotic
chemistry since adenine is key block for DNA synthesis and iron plays important
roles in the biochemistry of today’s living beings. In addition, despite iron being
the fourth most abundant element in the Earth’s crust, there are few studies into
the possible roles played by this element in the origin of life. Finally, it should be
noted that most experiments in prebiotic chemistry are performed under
conditions that do not resemble the environment of prebiotic Earth. Using
seawater 4.0 Ga the results obtained better resemble processes that could

have happened in prebiotic Earth.
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Table 1. Fe-ZSM-5 zeolites preparation conditions. The Si/Fe gel composition was 100
for all the samples. The autoclave temperature was always 185°C, as in Tuan et al.
(2000). The amounts of each zeolite obtained in synthesis are in column 7.

Sample TStlrrlrﬁme Volume gel Agtoclave pH Amount Si/Ee
co) () (mL) time (h) ()

Fext 25 2 50 - 1.1° 1.45

Fs 25 1 35 72 - 0.32 10
Fa 25 24 70 48 10.75 0.45 4.6
Fs 25 24 70 48 - 0.50 5.3
Fe 60 24 70 48 - 0.44 10
F, 60 24 70 48 - 0.34 18

® pH of the mixture after adding the parent ZSM-5 zeolite. The pH of the Fe aqueous solution
had been set at 2.5.

Table 2: Amounts in Uug of adenine adsorbed onto zeolites, BET surface and pore specific volume of
material

. *»**Seawater ) 3
ZSM-5  SilFe Ultrapure Water pH** 400G pH** Seger (M) V, (cm7/g)
.0 Ga
Feex - 684 +2 A 3.07-4,20 663 +11° 3.46-4.10 304 + 4 0.20
Fe; 18 265+3 *° 4.13-4.64 236+3 " 4.54-4.68 325+ 4 0.40
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Fe, 4.6 182 +5° 4.08-4.20 177 +5 € 3.90-4.24 316 +5 0.18

Fes 5.3 120+6° 3.96-4.19 123 +4° 3.82-4.06 333+5 0.18
Fes 10.1 91+7° 4.03-4.06 84+5F 3.76-4.03 313+5 0.16
Fes 10.4 50.9+7.2F 4.07-4.66 405+3.7F 4.23-4.58 313+5.1 0.18

The results of adsorption are presented as mean + standard error of mean. The number of
sets was five with one samples each set. It was added 720 pug of nucleic acid bases and
20 mg of zeolite. Fe;-ZSM-5 (Si/Fe = 18.24); Fe4-ZSM-5 (Si/lFe = 4.63); Fes-ZSM-5 (Si/Fe
= 5.30); Fe3-ZSM-5 (Si/lFe = 10.08); Fes-ZSM-5 (Si/lFe = 10.37) For the rows, averages
with distinct lowercase letters are statistically different from each other by Tukey test (p <
0.05). For the columns, averages with distinct capital letters are statistically different from
each other by Tukey test (p < 0.05). *Calculated by EDX. *Range of pH after 24h of
stirring. ***Seawater was prepared as described by Zaia (2012).

Table 3: Loss of weight events from thermal analyses of zeolites without previous treatment, mixed
with ultrapure water or seawater 4.0 Ga and distillated water plus adenine and artificial seawater
4.0 Ga plus adenine.

1°Event (30-140) 2°Event (140-360 T) 3°Event (360-600 °C) Total
ZSM-5 Peak () % Loss Peak () % Loss Peak () % Loss % Loss
Fe; 60 5.9 322 1.2 477 1.2 8.3
Fe, 61 6.3 330 0.8 - - 7.1
Without Fes 62 4.6 256; 342 1.5;0.7 - - 6.8
treatment Feg 59 6.5 261; 336 0.9;1.0 - - 8.4
Fe; 68 4.5 228 2.0 - - 6.5
Feext 74 6.5 226 1.0 414 2.2 9.7
Total
ZSM-5 Peak () % Loss Peak () % Loss Peak () % Loss
% Loss
Fe; 61 4.2 162; 327 1.4;0.8 480 1.1 7.1
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ultrapure  Fes-Adn* 64 4.7 240; 334 0.5; 0.2 478 2.3 7.7
water Fe4 67 3.5 161; 349 1.8;1.0 470 0.5 6.8
Fe,-Adn* 61 6.5 329 0.5 436 2.0 9.0
Fes 61 4.3 157; 341 14;15 472 0.8 8.0
Fes-Adn* 58 6.1 329 0.5 446 1.4 8.1
Fes 61 4.4 202; 343 1.4;1.0 - - 6.8
Fee-Adn* 89 4.2 337 0.6 446 1.3 6.1
Fe, 62 3.0 - - - - 3.0
Fe,-Adn* 84 2.9 - - 467 34 6.3
Feex 71 6.9 238 1.7 391 1.4 10.0
Feex-Adn* 63 5.8 239 1.4 480 6.1 13.3
Total
ZSM-5 Peak () % Loss Peak () % Loss Peak () % Loss
% Loss
Fes 67 5.5 208; 340 1.4;0.6 482 1.2 8.2
Fes;-Adn* 71 6.0 264 1.4 483 1.8 9.2
Fe, 52 5.2 257 1.5 - - 6.7
Fes,-Adn* 74 8.7 268 1.1 451 15 11.3
Fes 69 6.4 167; 339 23,04 482 0.7 9.8
seawate  Fes-Adn* 68 6.9 265 1.8 456 1.2 9.9
r4.0 Ga Fes 70 8.4 210 18 - - 10.2
Feg-Adn* 74 10.3 270 2.3 441 1.2 13.8
Fe; 60 7.6 235 15 446 1.8 10.9
Fe;,-Adn* 71 6.8 - - 468 31 9.9
Feext 67 5.4 - - 550 2.6 8.0
Feex-Adn* 69 9.5 - - 482 54 14.9
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Adn* = adenine adsorbed onto zeolite, Seawater 4.0 Ga was prepared as described by Zaia
(2012). Fe;-ZSM-5 (Si/Fe = 18.24); Fe,-ZSM-5 (SilFe = 4.63); Fes-ZSM-5 (Si/Fe = 5.30); Fes-ZSM-
5 (Si/Fe = 10.08); Fes-ZSM-5 (Si/Fe = 10.37)

Table 4: Fit parameters of multiple shell analysis of the EXAFS
data for Fe;-ZSM-5 samples.

Sample Shell “CN (Ael\z;; (E) (10g %)
0, 2.6 -6.58 1.87 5
FerzSM-5-a Fe, 2.6 -6.58 3.00 20
0, 3.0 -9.75 1.87 6
Fe;-ZSM-5-b Fe, 3.0 3.24 3.00 14
Fe, 3.0 3.24 3.28 24
0, 2.9 -9.51 1.86 6
Fe;~ZSM-5-c Fe, 2.9 4.79 3.08 17
Fe, 2.9 4.79 3.31 22
0, 2.6 -1.38 1.86 5
Fe;-ZSM-5-d Fe, 2.6 11.38 3.07 15
Fe, 2.6 11.38 3.31 17
o} 2.5 -2.35 1.86 5
Fe;-ZSM-5-e Fe, 2.5 9.59 3.06 16
Fe, 2.5 9.59 3.29 19

*Equal parameters of energy for Fe; and Fe; in each sample.
**Equal parameters of amplitude for all shell in each sample.
Fe;-ZSM-5 (Si/lFe = 18.24) CN is the coordination number,
AEy is the difference in energy between the sample and the
reference compound, R is the atomic distance and o is the
Debye—Waller factor. a) without treatment; b) stirred with
ultrapure water; c) stirred with seawater 4.0 Ga; d) stirred
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with 720 pg mL™ of adenine in ultrapure water; e) stirred with
720 pug mL™* of adenine in seawater 4.0 Ga.

FIGURE CAPTIONS

Figure 1: Molecular structure of adenine

Figure 2: FTIR spectra: a;) solid adenine; ay) adenine adsorbed onto Feey-
ZSM-5 at pH 4.00 - ultrapure water; az) adenine adsorbed onto Fe¢-ZSM-5 at
pH 4.00 — seawater 4.0 Ga; as) solid Feeyx,-ZSM-5 b;) solid adenine; b2) adenine
adsorbed onto Fe;-ZSM-5 at pH 4.00 - ultrapure water; b3) adenine adsorbed
onto Fe;-ZSM-5 at pH 4.00 — seawater 4.0 Ga; b,) solid Fe;-ZSM-5. All samples
were stirred for 24 h before being centrifuged for 5 min. at 6,000 rpm. The solid
was separated from supernatant and lyophilized. The seawater 4.0 Ga was
prepared as described by Zaia (2012).

Figure 3: SEM images from a) ZSM-5; b) Fe-ZSM-5 F3 (Si/Fe=10); c) Fe-ZSM5 F,4
(Si/Fe=4.6); d) Fe-ZSM5 Fs (Si/Fe=5.3); e) Fe-ZSM5 F¢ (Si/Fe=10); f) Fe-ZSM5 F;
(Si/Fe=18). Scale: ZSM-5=5um; F3 =3 um; F4, =3 um; Fs =5 um; Fg =5 um; F7 =
4 pum.

Figure 4. X-Ray diffraction patterns of Fe-ZSM-5 a) F3; b) F4; ¢) Fs; d) Fe; €) F7
and f) Fex, without treatment (----), after stirring in ultrapure water at pH 4.0 (----
), after adsorption test of adenine in distillated water at pH 4.0 (----),after stirring
in in seawater 4.0 Ga at pH 4.0 (----) and after adsorption test of adenine in
seawater 4.0 Ga at pH 4.0 (----).
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Figure 5. EPR spectra at 298 K a-e) of Fe-ZSM-5 zeolite without treatment (----
), after adsorption test in seawater 4.0 Ga (----), after adsorption test in ultrapure
water (----), f-j) of supernatant lyophilized after adsorption test in seawater 4.0
Ga and k) seawater 4.0 Ga lyophilized. The seawater 4.0 Ga was prepared as
described by Zaia (2012).

Figure 6: Normalized Fe K-edge XAFS for the samples Fe;-ZSM-5 a-e: a)
without treatment; b) stirred with ultrapure water; c) stirred with seawater 4.0
Ga; d) stirred with 720 pg mL™* of adenine in ultrapure water; e) stirred with 720
ug mL~* of adenine in seawater 4.0 Ga.

Figure 7: EXAFS (line) spectra and (dot) fit of the samples Fe;-ZSM-5: a)
without treatment; b) stirred with ultrapure water; c) stirred with seawater 4.0
Ga; d) stirred with 720 ug mL™ of adenine in ultrapure water; e) stirred with 720
ug mL~* of adenine in seawater 4.0 Ga.

NH,
6 7
= 5
N
1 \ 8
2 N3,
N H
Adenine

Figure 1: Molecular structure of adenine
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Figure 2: FTIR spectra: a;) solid adenine; a;) adenine adsorbed onto Fee-ZSM-5 at pH
4.00 - ultrapure water; az) adenine adsorbed onto Feex-ZSM-5 at pH 4.00 — seawater 4.0
Ga; a4) solid Feex:-ZSM-5 b;) solid adenine; by) adenine adsorbed onto Fe;-ZSM-5 at pH
4.00 - ultrapure water; b3) adenine adsorbed onto Fe;-ZSM-5 at pH 4.00 — seawater 4.0 Ga;
b,) solid Fe;,-ZSM-5. All samples were stirred for 24 h before being centrifuged for 5 min. at
6,000 rpm. The solid was separated from supernatant and lyophilized. The seawater 4.0 Ga
was prepared as described by Zaia (2012).
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Figure 3: SEM images from a) ZSM-5; b) Fe-ZSM-5 F3; (Si/Fe=10); c) Fe-ZSM5 F,
(Si/Fe=4.6); d) Fe-ZSM5 Fs (Si/Fe=5.3); e) Fe-ZSM5 F¢ (Si/Fe=10); f) Fe-ZSM5 F;
(Si/Fe=18). Scale: ZSM-5=5pum; F3 =3 um; F, =3 um; Fs =5 um; Fg¢ =5 um; F7 =
4 pum.
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Figure 4. X-Ray diffraction patterns of Fe-ZSM-5 a) F3; b) Fy4; ¢) Fs; d) Fg; €) F7 and f)
Fext, Without treatment (----), after stirring in ultrapure water at pH 4.0 (----), after
adsorption test of adenine in distillated water at pH 4.0 (----),after stirring in in seawater
4.0 Ga at pH 4.0 (----) and after adsorption test of adenine in seawater 4.0 Ga at pH
4.0 (----).
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Figure 5: EPR spectra at 298 K a-e) of Fe-ZSM-5 zeolite without treatment (----), after
adsorption test in seawater 4.0 Ga (----), after adsorption test in ultrapure water (----), f-
j) of supernatant lyophilized after adsorption test in seawater 4.0 Ga and k) seawater
4.0 Ga lyophilized. The seawater 4.0 Ga was prepared as described by Zaia (2012).
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Figure 6: Normalized Fe K-edge XAFS for the samples Fe;-ZSM-5 a-e: a)
without treatment; b) stirred with ultrapure water; c) stirred with seawater 4.0
Ga; d) stirred with 720 ug mL™ of adenine in ultrapure water; e) stirred with 720

ug mL~* of adenine in seawater 4.0 Ga.
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Figure 7: EXAFS (line) spectra and (dot) fit of the samples Fe;-ZSM-5: a)
without treatment; b) stirred with ultrapure water; c) stirred with seawater 4.0
Ga; d) stirred with 720 pg mL™ of adenine in ultrapure water; e) stirred with 720
ug mL~* of adenine in seawater 4.0 Ga.
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HIGHLIGHTS

1. XAFS showed that, complexity of the system increased with seawater and
adenine.

2. Zeolites with different Si/Fe ratios adsorbed adenine differently.
3. Salts of the seawater did not affect the adsorption of adenine onto zeolites.

4. EPR spectra of zeolites showed lines caused by Fe framework and Fe®*
species.



