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Abstract

The origin of life from inanimate matter is still an open question, and our knowledge is
still very limited. In this sense, prebiotic chemistry seeks to study and understand how
chemical reactions may have contributed to the origin of life. Minerals are of great rele-
vance to prebiotic chemistry, as they may have preconcentrated precursors of biomolecules
or biomolecules from diluted solutions, provided protection for biomolecules against UV
radiation and hydrolysis, catalysing their reactions and played the role of a primitive
genetic code. Montmorillonite, a prebiotic mineral, was shown to be able to adsorb aden-
ine and later also histidine. In addition, histidine adsorption did not displace adenine from
the montmorillonite. Kinetic experiments showed that using a whole period of time
(7 days) it was not possible to adjust the data to any mathematical kinetic model. Thus,
the data were separated into four different adsorption ranges: range 1 (0-60 min), range
2 (60-4320 min), range 3 (4320-7200 min) and range 4 (7200-10 080 min). Range 1
showed adsorption that was too fast, meaning no variations in the adsorption data, and
the data of range 3 did not fit in any model used in this work. Thus, range 2 (60-4320
min) and range 4 (7200-10 080 min) were analysed. The adsorption kinetics of histidine
adsorption indicated two reaction steps, a quick step (60-4320min), following the
pseudo-first-order model, followed by a slower step (7200-10 080 min) of the pseudo-
second order. With these results, isotherms were constructed with times of 1h and
7 days. The results of the quick step (1 h) showed a reaction that was not thermodynam-
ically favoured. For this time range, Gibbs energy values obtained ranged between 5 and
10 kJ mol™! at temperatures of 20, 35 and 50°C, and the adsorption occurred due to the
balance shift of increase in histidine concentrations. The isotherms of the slow step
(7 days) presented negative values, showing a more favourable reaction with Gibbs energy
values ranging between —5 and —11kJ mol™'. The mathematical modelling of the data
indicates that seawater ions are crucial in the adsorption process. Thus, the study provided
essential information for prebiotic chemistry, showing that time and the reaction medium
should always be taken into account.

Introduction

Since the beginning of time, man has wondered how life on Earth came about. Prebiotic chem-
istry studies reactions and processes that may have contributed to the origin of life. These stud-
ies are performed under conditions that existed 3.8 billion years ago, mainly reactions with gas
mixtures, reactions in the solid state, hydration and dehydration cycles, and reactions in aque-
ous and hydrothermal solutions (Lazcano and Miller, 1996; Schoonen et al., 2004; Holm and
Andersson, 2005). Bernal suggested that minerals may have played an important role in the
prebiotic era, proposing that they could have overcome the problem of diluting molecules
in primitive seas. Minerals could also have provided protection for molecules against degrad-
ation by hydrolysis and ultraviolet radiation, as well as functioning as catalysts for biopolymers
and forming a genetic pre-code (Bernal, 1951). Among the minerals that may be associated
with the origin of life, montmorillonite is among the most widely used for prebiotic experi-
ments (Lahav and Chang, 1976; Lahav, 1994; Lambert, 2008; Zaia, 2012). In addition, mont-
morillonite could be found on Earth before life arose on it (Hazen et al., 2008).

Histidine could be synthesized in several different ways, such as redox-neutral atmospheres
(Plankensteiner et al., 2006), hydrothermal vents (Shen et al., 1990) and NH;/HCN/NH,CH
mixtures (Lowe et al., 1963; Ferris et al.,, 1978; Ferris and Hagan, 1984). Adenine could be
synthesized in environments simulating interstellar medium (Bera et al., 2017) and aqueous
solutions of HCN (Roy et al, 2017), as well as being found in meteorites (Stoks and
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Schwartz, 1979; Martins, et al., 2008). Since histidine, adenine and
montmorillonite existed on the prebiotic Earth, interaction
among them occurred.

The adsorption would be the first step of a series of processes;
if the adsorption does not occur the other processes will not
occur. Minerals have a charged surface and can therefore adsorb
organic molecules, concentrating them and providing a catalytic
environment for the formation of complex molecules, such as
peptides/proteins, and also self-replicating informational mole-
cules, such as nucleotides and primitive RNA (Bernal, 1951;
Rao et al, 1980; Fripiat, 1984; Ferris, 1993). Based on the
hypothesis of Bernal (1951), several studies were and are being
carried out that involve the formation of amino acids and
their condensation for peptide formation, as well as studies
involving nitrogenous bases adsorbed on minerals. These studies
are relevant to prebiotic chemistry since the majority of the
reactions of current living beings involve these biomolecules
(Darnell et al., 1990).

As pointed out above, since adsorption is the first and most
important step for the emergence of life, many works on adsorp-
tion, both amino acids and nitrogenous bases, have been published.
For amino acids adsorption on minerals, some examples are
highlighted: clays (Jackson, 1971; Paecht-Horowitz, 1977;
Aufdenkampe et al, 2001; Ding and Henrichs, 2002; Benetoli
et al., 2007; Jaber et al., 2014); hematite, magnetite and ferrihydrite
(Ben-Taleb et al., 1994; Vieira et al., 2011) silica, quartz and sand
(Basiuk and Gromovoy, 1996; Basiuk, 2002; Zaia et al, 2002;
Churchill et al, 2004); river and sea sediments (Henrichs and
Sugai, 1993; Montlugon and Lee, 2001; Ding and Henrichs,
2002); calcite, albite and hydroxyapatite (Tanaka et al, 1989;
Churchill et al., 2004); zeolites (Carneiro et al, 2011a); goethite
(Farias et al., 2016); FeS, (Suzuki et al, 2018) and rutile (Lee
et al, 2014). For purine and pyrimidine adsorption, there are
also some examples from the literature: clays (Lahav and Chang,
1976; Perezgasga et al., 2005; Winter and Zubay, 1995; Benetoli
et al., 2008; Carneiro et al., 2011b); and zeolites (Bau et al., 2012;
Anizelli et al., 2015, 2016; Villafane-Barajas et al., 2018).

In general, prebiotic chemistry experiments use up to 24 h to
study the adsorption of molecules onto minerals. In the present
work, the adsorption of histidine onto montmorillonite was stud-
ied over 7 days. The kinetic and thermodynamic parameters of
the adsorption of histidine onto montmorillonite with and with-
out pre-adsorbed adenine were obtained. In addition, the effect of
salts of the artificial seawater on the adsorption of histidine onto
montmorillonite was studied.

Materials and methods
Materials

All compounds were used without further purification.

Montmorillonite

Montmorillonite-KSF (CAS-1318-93-0, Acros Organics) was satu-
rated with sodium chloride as follows: 100 mg of montmorillonite-
KSF was dispersed in 50ml of saturated NaCl (360 mg I
solution. The dispersion was under stirring for 24 h, after which
the sample was filtered and washed three times with ultrapure
water. Then the sample was dried at 40°C. Ultrapure water (U)
was obtained from Merk Millipore® (Milli-Q).
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Seawater 4.0 Gy (SW)

Artificial seawater 4.0 Gy (SW) was prepared as described by Zaia
(2012). The artificial seawater has the following chemical compos-
ition in g1™": Na,SO, (0.271), MgCl,-6H,0 (0.500), CaCl,-2H,0
(2.50), KBr (0.05), K,SO,4 (0.400) and MgSO, (15.00). This artifi-
cial seawater is called 100% and has a pH = 6.0. Subsequently, this
solution was diluted to a 10% solution.

Mineral modification

The mineral modification was carried out at 30°C. A total of
5g of montmorillonite and a solution of 250 ml of adenine
(720 ugml™") dissolved in ultrapure water were mixed in an
Erlenmeyer flask. The same experiment was repeated using a solu-
tion of adenine (720 ug ml™") dissolved in artificial seawater
4.0 Gy 10%. All suspensions were stirred for 1h. After that, the
minerals were filtered, frozen and lyophilized for the use in the
adsorption of histidine; two different sorbents were obtained:
montmorillonite modified with adenine in ultrapure water
(MAUW) and montmorillonite modified with adenine in seawater
4.0 Gy 10% (MASW). We also have pure montmorillonite (M).

Methods

Fourier transform infrared spectroscopy - FTIR

For all samples, the FTIR spectra from 4000 to 400 cm™" were
obtained using a Bruker Vertex 70 spectrophotometer with atte-
nuated total reflectance (ATR). A resolution of 2cm™! and
16 scans were used to obtain all the spectra.

UV spectrophotometry

A spectrum SP-2000UV UV-vis spectrophotometer was used to
quantify adenine and histidine, at wavelengths of 260 and
212 nm, respectively. Standard curves of adenine and histidine
were used for the quantification. The amount of histidine or aden-
ine adsorbed onto the minerals was calculated by using the fol-
lowing equation:

Cadsorbed(;Lg) = (Cinitial - Csolution)

1)
where Csolution = [(Cinitial)(Astample/ Absinitial)]

Determination of pH at point of zero charge (pHp,c)

The pH,,. of montmorillonite samples was determined from its
suspension. In two 1.5ml Eppendorf tubes, 50 mg of mineral
and 250 ul of ultrapure water were added to the first tube and
250 ul of KCl 1.0 mol1™" solution to the second tube. Then, the
tubes were shaken for 30 min, followed by resting for 24 h. The
pH reading was performed on a pH meter, ion model pHB 500
and the pH,, of the minerals was determined using equation (2)
(Uehara, 1979).

pszc =2 PHKCl_pHHZO (2)

The pH variation study

The pH variation studies were performed in triplicate, at a con-
trolled temperature of 25°C and constant stirring for 24 h. The
histidine solution was prepared in different pH ranges (2.00;
3.00; 4.00; 5.00; 6.00; 7.00 and 8.00), using sodium hydroxide
solution (0.1 moll™") and hydrochloric acid (0.1 moll™"). In
15ml falcon tubes, 50 mg of mineral and 5ml of histidine
(720 ug ml™!) solution were added. Experiments were carried
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Kinetic equations

Kinetic models Equations

Variables

Pseudo-first order gt = qee’ki

g: quantity adsorbed (mol g™?) at time t; g quantity

Pseudo-second order Ge=qe/(1+ katqe)

adsorbed (mol g™%) at time equilibrium; k; rate constant
(min™?); k, rate constant (g mg~* min~Y); t time (min)

Adsorption isotherms
Isotherm models Equations

Langmuir Qe = (QmaxK1Ceq)/(1 + K .Coq)

Variables

Q. equilibrium amount adsorbed (mgg™); Ceq

Freundlich Qe = KFCQq

concentration at equilibrium (mg[™); Qmax Maximum
adsorption capacity (mg g‘l); K. Langmuir constant; K¢

Langmuir-Freundlich/SIPS Qe = (QmaxKLCqq)/ (1 + KL CEy)

Freundlich constant; n Freundlich’s heterogeneity factor

Table 2. Linear system representing an individual contribution of possible interactions A, B, C and D of all isotherms and results for system components

contribution

Sample AHexp = ASexp = Calc. 0-60 min 0-10 080 min
M-UW HA SA H S H S
M-SW HA+HB SA+SB A 2.3 —26.8 15.41 18.62
MAUW-UW HA+HC SA+SC B 8.2 17.5 —9.90 29.48
MAUW-SW HA+HB + HC SA+SB+SC C 0.9 —6 —0.70 4.1
MASW-UW HA+HC+HD SA+SC+SD D 16.3 54 16.60 54.72
MASW-SW HA+HB+HC+HD SA+SB+SC+SD

M-SW = histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite; MAUW-UW = histidine dissolved in ultrapure water, and adsorbed on modified montmorillonite with
adenine in ultrapure water; MAUW-SW- histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in ultrapure water; MASW-UW - histidine dissolved
in ultrapure water, and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%); MASW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite
modified with adenine in seawater 4.0 (10%). AHe,, = experimental enthalpy; AS.,, = experimental entropy.

out with ultrapure water (UW) and seawater 4.0 Gy 10% (SW)
with minerals M, MUW and MSW.

Adsorption kinetics of histidine onto montmorillonites

Kinetic studies of histidine adsorption on the different minerals
(M, MAUW and MASW) were performed in triplicate, at 25°C
and constant agitation, for 168 h. A total of 10 mg of mineral
and 2.0ml of histidine solution (720 ug ml™) were added to
Eppendorf tubes. The pH of the samples was from 4.00 to 5.00.
Aliquots were removed at certain times; these aliquots were
used to determine the adsorption of histidine onto minerals.
The experiments were carried out using unmodified mineral or
modified with adenine, as well as varying the solution of histidine
in ultrapure water (UW) and seawater 4.0 Gy (SW) for each
mineral.

Adsorption isotherms

The adsorption isotherms were performed in triplicate, with a
controlled temperature. Histidine was dissolved in ultrapure
water (UW) and seawater (SW) at different concentrations
(20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700, 800, 900
and 1000 ugml™"). For the assay, 1 ml of the solution was
added to 10 mg of the mineral. Each tube was left in a thermo-
static bath for 1 h and then centrifuged for 15 min at 6000 rpm,
after which the mineral and supernatant were stored separately
for further analysis. The experiments were repeated for the
modified minerals, all in triplicate, at three temperatures, 20,
35 and 50°C, respectively. For isotherms performed in 168 h,
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the same procedures were performed, changing only the time
the tubes were left in a thermostatic bath.

Mathematical modelling

For the modelling of the kinetic and adsorption isotherm experi-
ments, non-linear regression methods were used (Table 1). For
the kinetic experiments, the pseudo-first-order and pseudo-
second-order models were used, and for the adsorption isotherm
experiments, the Langmuir, Freundlich and Langmuir-
Freundlich (SIPs) models were used (Foo and Hameed, 2010).
Thermodynamic data of system components A, B, C and D con-
tributions were calculated using a simple linear system in order to
minimize the theoretical/experimental deviation. The only fixed
parameter was parameter ‘A’ and the others were calculated
using the linear system (Table 2) with the AH and AS results
obtained experimentally.

Seawater ion quantification

The quantification analyses of sodium, potassium and calcium
ions in 4.0 Gy seawater were performed using an AJ Micronal
Flame Photometer — B462. For the quantification of sulphate in
4.0 Gy seawater, a gravimetric method was used, which is based
on the precipitation of barium sulphate by slowly adding a barium
chloride solution to a sulphate solution (Zenebon et al., 2008). To
quantify the magnesium ions, the complexation titration tech-
nique was used. The magnesium concentration was determined
by subtracting the calcium concentration obtained from the
flame photometer (Zenebon et al., 2008).
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Fig. 2. Schematic histidine total charge and respective
pKa values.

Results and discussion
Adsorption of adenine

Montmorillonite modification involved the adsorption of adenine
onto it as described in the methodology. The pH of the solution
before and after adsorption was between 4.00 and 5.00. The
results showed that approximately 89% of the adenine dissolved
in ultrapure water and seawater 4.0 Gy were adsorbed by the
montmorillonite. At pH between 4.00 and 5.00, adenine is posi-
tively charged (pK,; < 1.0; pK,, =4.1; and pK,3 = 9.8), and mont-
morillonite is negatively charged (pH,,.: M =0.54; MAUW =
0.59; and MASW =1.12). These opposite charges result in high
adsorption through electrostatic attraction between adenine and
the negative montmorillonite surface (Benetoli et al, 2008;
Carneiro et al., 2011a; Villafane-Barajas et al., 2018).

Effect of pH on the histidine adsorption onto montmorillonite

In order to better understand and define the best pH for histidine
adsorption, experiments with pH variation were performed
(Fig. 1). The best pH range for adsorption was between 4.00
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and 5.00 (Fig. 1). The pKa values for histidine aid understanding
of a better response to adsorption of histidine at a low pH and
that the pH in a basic medium does not show considerable
adsorption (Fig. 2). According to this, histidine at pH between
4.00 and 5.00 is positively charged and montmorillonite is nega-
tively charged. Therefore, electrostatic forces favoured the adsorp-
tion of histidine onto montmorillonite. Similar results have been
described by Hedges and Hare using 10~®mol ™" histidine solu-
tion in ultrapure water (Hedges and Hare, 1987). According to the
authors, approximately 50% of the histidine adsorbed onto mont-
morillonite and kaolinite. The authors attributed the adsorption
to the opposite charge attraction between the mineral and
amino acid. The highest histidine adsorption was obtained by dis-
solving it in ultrapure water and using pure montmorillonite (M)
as a sorbent (Fig. 1). The lowest histidine adsorption occurred
when it was dissolved in artificial seawater 4.0 Gy 10% and mont-
morillonite modified with adenine in seawater 4.0 Gy 10%
(MASW) was used as a sorbent (Fig. 1). These data show that
salts of seawater interfere with histidine adsorption, meaning
they share the same sites of montmorillonite for their adsorption.
It should be noted that Mg** and SOj~ were adsorbed by
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Fig. 3. Bar graph of seawater 4.0 Gy ions concentration (mg ™) before (red bar) and after 1 h of histidine adsorption essays. Bars colour: green =M, ciano = MAUW
and yellow =[??]?]MASW experiments, M-SW = histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite; MAUW-SW - histidine dissolved in sea-
water 4.0 (10%), and adsorbed on montmorillonite modified with adenine in ultrapure water; MASW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed
on montmorillonite modified with adenine in seawater 4.0 (10%) (Experimental parameters: [Histidine];niia = 720 mg I=%; time = 60 min; Temp. =25°C.).
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montmorillonite (Fig. 3). Farias et al. (2014) and Villafaiie-Barajas
et al. (2018) also observed a decrease in the adsorption of amino
acids and nucleic acid bases onto montmorillonite due to cations
of seawater, respectively. In addition, for all experiments, histidine
did not displace adenine from clay.

Histidine adsorption kinetic onto montmorillonite

Adsorption kinetics of histidine showed that the amino acid
adsorption occurs for up to 7 days after the reaction begins
(Fig. 4). The mathematical modelling of the data did not show
kinetic adjustment when all data were used for the whole period
of time. Therefore, using mathematical modelling to separate
adsorption data, it was possible to separate the kinetic experiment
results into four different adsorption ranges: range 1 = 0-60 min;
range 2=60-4320 min; range 3 =4320-7200 min; and range
4 =7200-10 080 min (Fig. 4).

Range 1 did not show variations in the adsorption data, signi-
fying quick adsorption (Fig. 4). This quick adsorption may have
occurred due to electrostatic forces arising from the negative
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charge of the mineral at the interlayer and the positive histidine
charge (Li et al, 2010). With respect to range 1, it is possible to
observe that seawater 4.0 Gy cations decrease the initial percent-
age adsorption caused by initial competition between histidine
and seawater cations. As pointed out above, Farias et al. (2014)
and Villafaiie-Barajas et al. (2018) also observed the same effect
for the adsorption of amino acids and nucleic acid bases onto
montmorillonite, respectively. As the adsorption data for the
time range from 0 to 60 min were the same for all experiments,
there is no mathematical model to describe this process.

For Range 2, the pseudo-first-order model showed the best fit
(Table 3). In addition, the adsorption reaction was faster when
carried out in seawater (Table 3). For pre-adsorbed adenine sam-
ples and seawater medium, although initial adsorption is less, the
adsorption reaction is faster and there is an increase in the
amount adsorbed at equilibrium (Table 3). The pseudo-first-order
kinetic model usually applies to the beginning of the adsorption
process, where the concentration of free sites in the adsorbent is
much higher than the occupied sites (Largitte and Pasquier,
2016). Thus, at the beginning of the adsorption experiments,
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Table 3. Kinetic parameters for histidine adsorption onto different minerals on the selected time range

Kinetic parameters

Pseudo-first order

Pseudo-second order

Range 2 Range 4
60-4320 min 7200-10 080 min

Sample ky (min~") ge (Mgg™) R? k (gmg™ min™) ge (mgg™) R?
M-UW 8.13x107° 36.28 0.91471 7.77%10°° 83.13 0.98581
M-SW 8.76x107° 46.08 0.91245 5.81x107° 73.69 0.99984
MAUW-UW 7.66x107° 47.74 0.84476 1.15x107° 77.82 0.9980
MAUW-SW 10.07x107° 69.28 0.91895 6.61x107° 72.52 0.99563
MASW-UW 6.38x 107> 4574 0.83063 1.58x107° 76.16 0.99527
MASW-SW 9.95x107° 64.39 0.95022 291x107° 95.06 0.98098

Mostrar os resultados de cinética e dar énfase a suposicdo de que ha mais de um processo de adsorg¢do ocorrendo simultaneamente.

M-UW = histidine dissolved in ultrapure water, and adsorbed on montmorillonite; M-SW = histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite; MAUW-UW = histidine
dissolved in ultrapure water, and adsorbed on modified montmorillonite with adenine in ultrapure water; MAUW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on
montmorillonite modified with adenine in ultrapure water; MASW-UW - histidine dissolved in ultrapure water, and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%);
MASW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%).

there is competition among histidine, adenine and seawater ions
for the adsorption montmorillonite sites. For histidine adsorption
onto the mineral, where there is no pre-adsorbed adenine or
where the reaction does not occur in seawater solution, histidine
would have more sites available to adsorb. Thus, higher adsorp-
tion onto the mineral would be expected.

For range 3, data did not fit in the pseudo-first-order or in the
pseudo-second-order models (Fig. 4). For all experiments of this
range, the correlation factor was less than 0.6 (data not shown).

For range 4, the data fitted well in the pseudo-second-order
model (Table 3). Assuming that the adsorption reaction relative
to the pseudo-first-order model (range 2) reached equilibrium
after the transition phase (range 3), histidine is now binding to
the mineral. The pseudo-second-order model assumes that the
adsorption reaction is a chemical with a stronger interaction
between the adsorbent and mineral surface (Largitte and
Pasquier, 2016). Apparently, the kinetic mechanism is summed
up by an initial charge attraction, hindered by positive charges
from the seawater ions and pre-adsorbed adenine. From the
moment that the active sites of the mineral are occupied by histi-
dine molecules, this amino acid begins to adsorb onto the mineral
in a different and slower way. This fact is recognized because all
experiments carried out in seawater have a lower initial adsorp-
tion ratio, but with a higher reaction rate, proven by obtaining a
kinetic constant ‘k’ (Table 3) (Boyd et al., 1947; Yasunaga and
Tkeda, 1987).

Histidine adsorption onto negatively charged aluminosilicate
shows a different adsorption mechanism. The first step is charac-
terized by NH3 histidine group interaction with negative mineral
layers. This step is probably a cooperative adsorption of octa and
tetramers histidine clusters onto the montmorillonite interlayer
by an electrostatic interaction (Butyrskaya et al, 2019). After
many hours, reorganized clusters decrease the carboxylic repul-
sion with the mineral layer and an adapted system shows a hydro-
gen bond type interaction between histidine and montmorillonite
(Butyrskaya et al., 2019; Kotova et al., 2020). Thus, literature data
are in agreement with the experimental results: the first kinetic
step is a histidine cluster outer-sphere interaction with montmor-
illonite while the second step is hydrogen bond formation by
system reorganization.
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Adsorption isotherms

For a better understanding of the adsorption mechanism, adsorp-
tion isotherms were constructed using two different time ranges
(Table 4). The first range used was 60 min after the solution
was in contact with mineral and the second range was 10 080
min. The first range was chosen in order to better understand
how adsorption occurs in the fastest step, and so that there was
no adsorption mechanism overlap with other time ranges. The
second range was chosen, in order to observe the reaction com-
pletely. Table 4 shows the non-linear regression coefficients (R*)
of Langmuir, Freundlich and SIP (Langmuir-Freundlich) models
for each mineral and the temperature used in the two experimen-
tal time ranges. Figure 5 shows all experimental isotherms with
the respective mathematical model as colour lines.

The SIP model showed the best fit for the first time range (60
min), while the second time range (10 080 min) fits the Langmuir
model (Table 4). However, non-linear regression coefficients were
very close to all models (Table 4). This is an indication that two
distinct adsorption mechanisms can occur: homogeneously and
with monolayer formation just like the Langmuir model, or het-
erogeneously according to the Freundlich model. Thus, the data
showed that the adsorption mechanism is very sensitive to con-
centration and temperature. In addition, for time 10080 min,
data fits are close to the Langmuir model, meaning that mont-
morillonite has specific adsorption sites for histidine.

In general, when the temperature increased, the Q,,x values
for the 60 min increased, while the 10 080 min showed an inverse
trend (Table 5). For both times, MASW-SW showed the lowest
Qumax values and MASW-UW the highest Q. values (Table 5).
Therefore, seawater salts have a negative effect on the adsorption
of histidine onto montmorillonite. Also, for the MAUW-UW
sample at 60 min, pre-adsorbed adenine decreased the adsorption
of histidine when compared to M-UW sample (Table 5).
However, at 10 080 min, the MAUW-UW sample showed high
adsorption of histidine than the M-UW sample (Table 5).
Probably, for a longer period of time, histidine reached to more
energetic sites of montmorillonite, where adenine did not adsorb.

An essential characteristic of the Langmuir isotherm can be
expressed by the separation factor (Ry), which predicts how
favourable the reaction is. The values of Ry >1 indicate that
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Table 4. Non-linear regression coefficients (R?) of Langmuir, Freundlich and SIP (Langmuir-Freundlich) models in the two experimental time ranges, at different

temperatures
0-60 min 0-10 080 min
Temperature (°C)
Sample Model 20 35 50 20 35 50
M-UW Langmuir 0.9874 0.9620 0.9765 0.9271 0.9723 0.9169
Freudlich 0.9893 0.9629 0.9921 0.9119 0.9640 0.8822
SIPs 0.9935 0.9485 0.9920 0.9119 0.9629 0.8758
M-SW Langmuir 0.9809 0.9687 0.9713 0.9494 0.9262 0.9702
Freudlich 0.9791 0.9704 0.9804 0.9489 0.9072 0.9225
SIPs 0.9926 0.6784 0.9638 0.9226 0.9114 0.9797
MAUW-UW Langmuir 0.9914 0.8992 0.9446 0.9130 0.9382 0.9264
Freudlich 0.9873 0.9270 0.9674 0.8287 0.8440 0.8277
SIPs 0.9926 0.9336 0.9638 0.9029 0.9356 0.9086
MAUW-SW Langmuir 0.9655 0.9777 0.8236 0.9454 0.9469 0.9139
Freudlich 0.9616 0.9778 0.8504 0.7826 0.9219 0.8955
SIPs 0.9899 0.9629 0.9386 0.8908 0.9215 0.8765
MASW-UW Langmuir 0.9871 0.9999 0.9774 0.9195 0.9243 0.9702
Freudlich 0.9883 0.9998 0.9890 0.8865 0.8975 0.9325
SIPs 0.9925 0.9999 0.9899 0.8898 0.8708 0.9698
MASW-SW Langmuir 0.9204 0.9663 0.9534 0.9027 0.9137 0.8462
Freudlich 0.9574 0.9411 0.9561 0.8618 0.8943 0.8462
SIPs 0.9539 0.9857 0.9689 0.8673 0.8954 0.9147

M-UW = histidine dissolved in ultrapure water, and adsorbed on montmorillonite; M-SW = histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite; MAUW-UW = Histidine
dissolved in ultrapure water, and adsorbed on modified montmorillonite with adenine in ultrapure water; MAUW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on
montmorillonite modified with adenine in ultrapure water; MASW-UW - histidine dissolved in ultrapure water, and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%);
MASW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%). Bold values are the best non-linear regression

coefficients (R?) obtained.

the process is unfavourable, Ry = 1 indicates a linear isotherm, 0 <
Ry <1 indicates that the process is favourable and Ry = 0 indicates
that the process is irreversible. Tables 1S and 2S (See supplemen-
tary materials) show the Ry values close to 1 at a lower histidine
concentration. Higher histidine concentrations show Ry, close to
0.5 indicating a greater tendency to an adsorption reaction
(Ferrero, 2010; Dotto et al., 2011). These data demonstrate that
the system is sensitive to the histidine concentration and the
adsorption is favoured by the histidine concentration increase.
For all histidine concentrations, the Ry values from the second
time isotherms (10 080 min) were lower than 0.5, indicating a
more favourable reaction (Table 2S).

Kotova et al. showed that the adsorption of histidine onto
clinoptilolite, a negatively charged aluminosilicate similar to
montmorillonite, occurs through the formation of a monolayer
due to the electrostatic interaction between the amino group
(NH3) and negative sites of the mineral. The authors also
observed repulsion between the carboxylic groups of the amino
acid and the aluminium-oxygen groups with a negative charge.
However, over time, this repulsion is minimized, and histidine
starts to interact with the mineral also via hydrogen bonding
(Kotova, et al., 2020). As observed by Kotova et al, two distinct
histidine-montmorillonite adsorption times characterize the
reorganization of the histidine adsorption system: the first
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(60 min), a polymolecular layer (SIPs model) and the second,
over longer times (10 080 min) a monolayer (Langmuir model).

Thermodynamic measurements

From isotherm data and extrapolating the graphs of Q./C.q versus
Q. on the y-axis, it is possible to calculate K.q_, the equilibrium
constant values of the adsorption reaction (Table 6). Gibbs energy
and Van’t Hoff equations and equilibrium constant values were
used to calculate the thermodynamic parameters (Table 6)
(Dotto et al., 2011). Briefly, for the first time range (60 min),
the adsorption was non-spontaneous and for the second time
range (10080 min), in all experiments, the adsorptions were
spontaneous and guided by an enthalpy (Table 6).

Analysing the data of the first-time range isotherms without
pre-adsorbed adenine on the mineral, the reaction in ultrapure
water is enthalpically favoured. As it is an adsorption reaction,
the system’s order increases, decreasing its entropy (Table 6). The
seawater experiments without pre-adsorbed adenine showed an
opposite trend, since entropy increases, and although it was nega-
tive, it was higher than ultrapure water experiments. Seawater ions
are hydrated and release water when adsorbed, releasing this hydra-
tion sphere and disordering the system. The interaction of seawater
ions with minerals shows an endothermic process.
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For the second time range, all reactions are spontaneous
(AG <0), exothermic (AH<0) and the system becomes high
ordering (AS<0) (Table 6). Comparing the first and second
time ranges, it is possible to see that time is critical for system
assembly. As shown in kinetics measurements, after approxi-
mately 7200 min, the adsorption behaves differently, fitting the
pseudo-second-order model, and assuming a chemical nature
reaction, providing a stronger interaction between the mineral
and histidine (Table 3). In other words, if the adsorption time
is longer, adsorption can occur more effectively, providing better
results. This fact shows that for this specific adsorption time had
great importance for system equilibrium.

To elucidate all possible histidine-system interactions, four
possible interactions can be used on a linear system with experi-
mental thermodynamic parameters in order to measure the con-
tribution of each interaction to the adsorption system. Assuming
the possible interactions with histidine are histidine-mineral = A,
histidine-seawater ions =B, histidine—pre-adsorbed adenine =C
and histidine-pre-adsorbed seawater ions=D, and using Hess
law, a linear system can be built (Table 2). For all isotherms,
the results shown in Table 2 represent the individual contribution
of possible interactions A, B, C and D.
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A set of linear equations were used to calculate thermo-
dynamic parameters and associate them with experimental
data. Using Table 2 data, thermodynamic parameters and
respective shifts were calculated (Table 7). The data show
good correlations, except the last comparison when histidine
adsorbed onto montmorillonite with pre-adsorbed adenine in
seawater 4.0 Gy (Table 7). It is probable this adsorption involves
more interactions, such as ion-ion and ion-adenine, leaving a
more complex system. Therefore, enthalpy and entropy values
(A, B, C and D) are correlated with the experimental values.
These values provide a better understanding of each interaction
studied, showing that the enthalpy and entropy of each adsorp-
tion vary according to the interactions involved. For example,
comparing the adsorption of histidine in ultrapure water
(M-UW) with histidine adsorption onto montmorillonite with
pre-adsorbed adenine in ultrapure water (MAUW-UW), it is
possible to observe that the adenine-histidine interaction does
not contribute to thermodynamic parameters. This is not the
same for B and D parameters, which showed a large contribu-
tion for total enthalpy and entropy. Thus, it can be concluded
that seawater ions have a large influence on the adsorption
process.
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Table 5. Adsorption isotherm parameters for two experimental times range
0-60 min 0-10 080 min
SIPs model Langmuir model
Parameters
Sample Temperature (°C) Qmax (Mgg™) K. (A.U.) n (A.U.) Omax (Mgg™) K (A.U.)
M-UW 20 96.26 0.00199 1.512 59.88 0.11920
35 100.01 0.00169 1.435 49.68 0.05777
50 120.00 0.00131 1.210 36.77 0.02225
M-SW 20 70.77 0.00093 1.104 91.19 0.09150
35 72.85 0.00106 0.916 72.97 0.02456
50 80.11 0.00106 0.901 45.57 0.00243
MAUW-UW 20 85.66 0.00186 1.179 85.47 0.04860
35 97.47 0.00139 1.200 57.24 0.02610
50 84.71 0.00149 1.100 34.01 0.00756
MAUW-SW 20 34.39 0.00096 1.164 98.97 0.03713
35 36.79 0.00133 1.213 60.84 0.03305
50 30.62 0.00175 1.641 29.97 0.00294
MASW-UW 20 92.21 0.00165 1.590 91.76 0.11070
35 168.00 0.00102 1.274 59.07 0.01482
50 303.6 0.00051 1.343 46.75 0.00218
MASW-SW 20 30.55 0.00113 1.726 104.7 0.02078
35 39.56 0.00110 1.670 54.47 0.03242
50 42.7 0.00108 1.650 28.80 0.00477

Qmax = Maximum adsorption capacity for histidine, K| = Langmuir constant and n=Freundlich heterogeneity factor. M-UW = histidine dissolved in ultrapure water, and adsorbed on
montmorillonite; M-SW = histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite; MAUW-UW = histidine dissolved in ultrapure water, and adsorbed on modified
montmorillonite with adenine in ultrapure water; MAUW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in ultrapure water;
MASW-UW - histidine dissolved in ultrapure water, and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%); MASW-SW - histidine dissolved in seawater 4.0 (10%), and

adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%).

Due to the large contribution of seawater ions to the histidine
adsorption process, these ions were quantified after the adsorp-
tion experiments (Fig. 3). The largest amounts adsorbed, and,
consequently, the highest thermodynamic contribution to the
histidine adsorption system, are found in the magnesium and sul-
phate ions (Fig. 3). The interaction of histidine with montmoril-
lonite occurs by an electrostatic interaction, which can lead to the
adsorption of cations (Mg2+) and anions (SOZ‘) for a charge
balance. The interaction with the mineral can be explained by a
sequence of interactions. Initially, there is an interaction of mag-
nesium with the mineral surface by an electrostatic attraction, the
sulphate, in turn, adsorbs by an attraction with magnesium (Zaia
et al., 2020). As the ions have a higher liability than histidine,
system organization is quite slow, and therefore shows the stability
after 7 days.

Relevance for prebiotic chemistry

In general, adsorption experiments in prebiotic chemistry are
performed in time ranges of 24 h. After 1h, the adsorption of a
substance onto a surface is usually almost completed. Naturally,
quick adsorption of a substance onto a surface is very important
in technological applications. However, in prebiotic chemistry,
what difference does it make if adsorption takes 1h, 1day or
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even 1year? We know that these experiments are models for
understanding what could have happened on the prebiotic
Earth. However, experiments with long adsorption times can pro-
vide a better idea of what occurred on the prebiotic Earth than
experiments with short adsorption times. In addition, of all the
suggestions made by Bernal, adsorption is the most important,
because if the preconcentration of molecules does not occur, no
other steps will occur (Bernal, 1951). The adsorption experiments
described in this paper were performed over 1 week, which led
to three important results: (1) at a longer period of time, pre-
adsorbed adenine onto montmorillonite did not interfere in his-
tidine adsorption, (2) the time of the adsorption changed the
kinetics and thermodynamics of interaction of histidine with
montmorillonite and (3) ions of artificial seawater have an effect
on the adsorption of histidine onto montmorillonite. Firstly, it
should be noted that the adsorption of histidine did not displace
adenine from the montmorillonite. For short periods of time
(60 min), the adsorption of histidine was slightly lower in the
MAUW-UW sample than in the M-UW sample. In addition,
comparing the adsorption of histidine in ultrapure water
(M-UW) with histidine adsorption onto montmorillonite with
pre-adsorbed adenine in ultrapure water (MAUW-UW), it is
possible to observe that the adenine-histidine interaction does
not contribute to thermodynamic parameters. The lack of
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Table 6. Equilibrium constant and thermodynamic parameters for two time range isotherms

0-60 min 0-10 080 min
SIPs model Langmuir model
Parameters
Sample Temperature (°C) Keq AG (kimol™)  AH (kJmol™)  AS (Jmol™) Keq AG (kImol™)  AH (kdmol™)  AS (Jmol™)
M-UW 20 0.1005 5.79 —-2.31 —26.76 58.60 -9.92 —15.41 —18.62
35 0.0956 6.20 44.94 —9.74
50 0.0925 6.59 32.62 -9.36
M-SW 20 0.0554 7.29 4.46 -9.29 94.25 —11.07 —25.31 —48.10
35 0.0609 7.40 66.85 —10.76
50 0.0650 7.57 36.12 —9.63
MAUW-UW 20 0.0796 6.37 —-2.79 —30.30 79.12 —10.65 -16.12 —18.60
35 0.0743 6.87 58.35 —10.41
50 0.0720 7.28 42.84 —10.09
MAUW-SW 20 0.0238 9.42 5.31 —13.47 86.64 —10.87 —18.87 —26.94
35 0.0270 9.55 67.24 —10.78
50 0.0288 9.82 42.38 —10.06
MASW-UW 20 0.0761 6.49 13.67 23.73 84.28 —10.80 —35.05 —81.88
35 0.1001 6.08 56.08 —10.31
50 0.1241 5.77 22.38 —-8.35
MASW-SW 20 0.0168 10.29 8.44 —6.18 115.51 —11.57 —35.47 —81.66
35 0.0192 10.45 54.30 —10.23
50 0.0227 10.48 29.86 -9.12

AG = Gibbs free energy; AH = enthalpy; AS = entropy; M-UW = histidine dissolved in ultrapure water, and adsorbed on montmorillonite; M-SW = histidine dissolved in seawater 4.0 (10%), and
adsorbed on montmorillonite; MAUW-UW = histidine dissolved in ultrapure water, and adsorbed on modified montmorillonite with adenine in ultrapure water; MAUW-SW - histidine dissolved
in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in ultrapure water; MASW-UW - histidine dissolved in ultrapure water, and adsorbed on montmorillonite
modified with adenine in seawater 4.0 (10%); MASW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%).

Table 7. Comparative board of experimental thermodynamic parameters and calculated parameters with linear system results

0-60 min 0-10 080 min
Exp. Calc. (A) Exp. Calc. (A)
Sample AH AS AH AS AH AS AH AS AH AS AH AS
M-UW -2.3 26.8 -2.3 26.8 0.0 0.0 —1541 —18.62 —1541 —18.62 0.0 0.0
M-SW 4.4 -9.2 5.9 -9.3 1.5 0.1 —25.31 —48.10 —25.31 —48.10 0.0 0.0
MAUW-UW —2.7 30.3 -14 32.8 13 2.5 —16.12 —18.60 —16.12 —14.52 0.0 4.08
MAUW-SW 5.3 135 6.8 15.3 1.5 1.9 —18.87 —26.94 —26.02 —44.00 7.15 17.06
MASW-UW 13.6 23.7 14.9 21.2 1.3 2.5 —35.05 —81.88 —32.72 —69.24 2.33 12.64
MASW-SW 8.4 —6.1 23.1 38.7 14.7 325 —35.47 —81.66 —42.62 —98.72 7.15 17.06

A represents the modular shifts for experimental and calculated results.

M-SW = histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite; MAUW-UW = histidine dissolved in ultrapure water, and adsorbed on modified montmorillonite with
adenine in ultrapure water; MAUW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite modified with adenine in ultrapure water; MASW-UW - histidine dissolved
in ultrapure water, and adsorbed on montmorillonite modified with adenine in seawater 4.0 (10%); MASW-SW - histidine dissolved in seawater 4.0 (10%), and adsorbed on montmorillonite
modified with adenine in seawater 4.0 (10%).

interference of adenine in the adsorption of histidine means that  on the montmorillonite surface. We should remember that amino
montmorillonite was able to adsorb both molecules. The implica-  acids are linked to polymers that are catalysts and nucleic acid
tion for prebiotic chemistry is that different reactions could occur ~ bases are linked to polymers that contain information (Darnell
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et al., 1990). Using a longer time for the adsorption of histidine
onto montmorillonite showed that a thermodynamically
unfavourable process in a short time becomes a thermodynamic-
ally favourable process in a long time. In addition, the kinetics of
the reaction changed. These results are important for prebiotic
chemistry because they give a better picture of what could have
happened on the prebiotic Earth. Since most articles published
in prebiotic chemistry do not take into account the effect of
salts of seawater on the adsorption of molecules onto minerals
(Zaia, 2012), this paper highlights this issue. Thus, the conditions
used in this paper are probably more closely resemble the existing
environment of the prebiotic Earth.

Conclusion

In general, adsorption experiments under prebiotic chemistry
conditions are carried out in a maximum time of 24h.
However, in the present work, the adsorption was studied for
7 days. After adsorbing adenine, montmorillonite also adsorbs
histidine, showing that even though the nitrogenous base is
already adsorbed, montmorillonite still has free adsorption sites.
The two-time adsorption isotherms division showed that seawater
4.0 Gy ions influence the histidine adsorption, whether pre-
adsorbed with adenine onto montmorillonite or in solution
together with histidine. Thus, the seawater composition is
extremely significant for prebiotic experiments. The one-hour
adsorption isotherm data showed that although the adsorption
is not favourable, it is sensitive to histidine concentration, prob-
ably due to the negative carboxylic charge of the histidine
group and the mineral surface repulsion. Seven-day isotherms
provided results of a favourable adsorption reaction (with negative
AG) and an organized system with low entropy, indicating that
the system was reorganized by the hydrogen bond formation.
Adenine, in general, has no significant thermodynamic relevance
when present in adsorption experiments, unlike pre-adsorbed sea-
water ions, which, when present, contribute to adsorption and
system reorganization according to thermodynamic parameters.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1473550420000373
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