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Abstract In the present work, surface interaction of L-alanine (L-ala) has been investigated on
hematite (α-Fe2O3), an abundant mineral on Mars, as a function of time (5 min–48 h), pH (4.0
and 6.20±0.10) and concentration (1×10−3 M–10×10−3 M) with optical absorbance and
energy-dispersive spectroscopy (EDS). Adsorption parameters (XM and KL) were calculated
from Langmuir adsorption isotherms. L-alanine has maximum affinity (65.31 %) in its
zwitterionic form at pH 6.20, while it is only 29.86 % adsorbed at pH 4.0. Possible
astrobiological implications are discussed.
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Introduction

It is believed that minerals might have played a key role not only for catalysis but also for the
stabilization of newly formed biomolecules through adsorption-desorption processes in early
periods of chemical evolution (Bernal 1951; Brack 2006; Cleaves et al. 2010; Ali et al. 2004).
Recently Shankar et al. 2012 have shown the influence of iron oxides on the oligomerization
of amino acids under wetting/drying condition potentially common on the primitive Earth. Iron
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oxides were found to be good adsorbents for complex chemicals such as single-stranded DNA
and betamethasone disodium phosphate (BMP), a glucocorticoid drug (Cleaves et al. 2011;
Vera et al. 1997).Arora et al. 2007 discussed the implications of the hematite-water system for
prebiotic chemistry under Martian conditions. Biomolecules may be stabilized on solid
surfaces allowing their further polymerization into proteins and nucleic acids, which may be
key components for the formation of protocells.

Therefore, to further explore the importance of minerals as surfactants, the interaction of L-
alanine (L-ala) on the abundant Martian mineral hematite (α-Fe2O3), has been studied and the
results are reported in this communication. Interactions of L-ala (pKa2.3) on hematite surfaces
were studied at two different pH values (4.0 and 6.2). At pH 6.2 L-ala is in zwitterionic form
while at pH 4.0 it has both the zwitterionic as well as cationic form (Scheme 1). So the
specificity for attachment and contribution of different chemical forms of adsorbate in
adsorption could be analyzed. The stability of adsorbate under study at varying pHs is the
major concern for Astrobiological investigation as these minerals are also known for their
catalytic role in polymerization and decomposition of biomolecules (Zaia 2012; Marshall-
Bowman et al. 2010; Gururani et al. 2012a; Ferris et al. 1996).

Experimental

All reagents were of analytical grade. Hematite (red ferric oxide), L-ala and H2O2 were
purchased from Fisher Scientific, Sigma Aldrich, India, and Qualizen respectively. Triple
distilled-deionized water (pH 6.8±0.1) was used throughout the study. All containers, mea-
suring equipment and assemblies were of borosilicate glass. A JascoV-550, UV/VIS/NIR
spectrophotometer was used for determination of absorbance of the amino acid. The pH was
recorded on Hanna pH meter (model pHep, Accuracy: ±0.1).

The sequential steps involved in the preparation and purification of adsorbent are shown in
Scheme 2. The purity of mineral was determined by scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS) on S-3700N, Hitachi Instrument using an acceleration
voltage 15.0 kV and take off angle 44.1° (Figs. 1 and 2).

The adsorption of L-ala on hematite in aqueous medium was studied as function of pH,
time and concentration of adsorbate. Adsorption of L-ala in varying concentration (1×10−3 M–
10×10−3 M) over different pHs was studied in order to obtain saturation point by adding
relevant buffer (sodium acetate-acetic acid or borax-boric acid) to the amino acid solution
(5 ml) containing hematite, keeping in mind that the buffer solution should be a very poor
ligand so that stable complex formation with the mineral could be avoided and this was
confirmed by using different buffer concentration on L-ala solution. The concentration of L-ala
was determined using UV/VIS spectrophotometer at 201 ±2 nm (Fig. 3).

Scheme 1 Chemical structure of cationic and zwitterionic form of L-alanine
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Scheme 2 Graphical representation of the preparation and purification of α-Fe2O3

Fig. 1 SEM images showing, α-Fe2O3 before adsorption (a & b), L-ala (c & d) and adsorption adducts (α-
Fe2O3 + L-ala) in (e & f)
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Buffer solutions of L-ala (5 ml) at different pH values was added to hematite (50 mg) in
separate conical flasks (10 ml) under air, stirred mechanically and allowed to stand at room
temperature for different time intervals (5 min to 48 h) to determine the optimum conditions
for adsorption. The solutions were then centrifuged at 3,000 rpm for 20 min. The supernatant
was decanted leaving hematite as a residue. The supernatant in each experiment was used for
quantitative estimation of amino acid content after adsorption and the residue was separated
and dried at ambient temperature under vacuum. Further, it was ground/sieved and used for

Fig. 2 EDSweight % of Fe, O, C andN in adsorbent (Fe2O3) and adsorption adduct (Fe2O3 + L-ala) at given pHs

Fig. 3 Absorption spectra showing the initial absorbance (broad line) and absorbance after adsorption (dotted
line) at their respective molar concentration
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SEM and EDS studies (Figs. 1e & f and 2). The pH of the liquid after the given time interval
was found to be unchanged. The concentration of adsorbate before and after adsorption was
recorded at absorption maximum (λmax 201 ±2 nm) in quartz cuvette with path length of 1 cm
using tdH2O as reference.

The amount of amino acid adsorbed under different conditions of pH, time and concentra-
tion was calculated from the difference between the initial amino acid concentration and the
concentration after adsorption in each case. The equilibrium concentration of amino acid and
the quantity adsorbed were used to obtain the adsorption isotherms (Kalra et al. 2003).
Percentage binding was calculated as follows-

%binding ¼ Ce−Cf

Ce
� 100 ð1Þ

Where, Ce is the initial concentration of adsorbate and Cf is the final concentration after
adsorption.

Chromatographic techniques (Paper chromatography and HPLC) were used to find out the
degradation products (if any) of L-ala after adsorption studies. Details regarding the chromato-
graphic techniques are provided in Supplementary information (S.1 & S.2). Origin 6.0 Pro.
software was used for preparation and smoothening of graph.

Results and Discussion

The surface interaction of L-ala on hematite was studied as a function of time, pH and
concentration. The amount of adsorbate adsorbed was determined from the standard concen-
tration curve obtained from optical density of the different L-ala solutions monitored at their
respective peak (λmax) of absorption spectrum (See supplementary information S.3).Linear
behavior was observed between the absorbance and concentration of L-ala. A bathocromic
shift of 3 nm in absorption maxima (Fig. 3) was observed with the increase in the molar
concentration (from 1×10−3 M to 10×10−3 M) of L-ala. SEM analysis of hematite showed its
size in the range of 133 nm to 363 nm (Fig. 1a–b). Further, the adsorption has been confirmed
using EDS where the adsorption adduct (hematite + L-ala) showed the presence of Nitrogen
and Carbon elements in addition to the elements present in pure hematite (Fig. 2). Preliminary
observations for the optimized condition of adsorption with respect to time and pHs showed
that the amount of L-ala adsorbed depends on the time duration and pH of the solution.
Adsorption equilibrium was achieved within the first 4 h and after that no change in the
amount of L-ala adsorbed on hematite was found. To determine the specific sites of interaction
of adsorbate with adsorbent, the two different pHs (4.0 and 6.2±0.1) were considered. At
pH6.2 (isoelectric point) L-ala is in zwitterionic form while at pH 4.0 it has both zwitterionic as
well as cationic form, in which zwitterionic form dominates (Scheme 1). The adsorption
isotherm (Fig. 4a) showed that the amount of L-ala adsorbed increases with its equilibrium
concentration in solution upto a certain limit (i.e. saturation point). After the attainment of
saturation point this adsorption becomes independent of L-ala concentration. For pH 4.0 the
saturation point is found to be 17.41 mg/g while it is 48.02 mg/g at pH 6.2 (Table 1). Langmuir
type adsorption is observed through asymptotic nature of the curve (Fig. 4b) assuming the
formation of monolayer of adsorbate molecules on the surface of the adsorbent. The Langmuir
parameters were determined form the equation as outlined below (Meng et al. 2004).

Ceq

Xe
¼ 1

KL:Xm
þ Ceq

Xm
ð2Þ
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Where Ceq is the equilibrium concentration of L-ala.

KL is constant which is a function of adsorption energy i.e. enthalpy of adsorption
coefficient (KL = Ae−ΔH/RT)

Xe is amount of amino acid (mg) adsorbed per gram of hematite
Xm is the amount of L-ala required for a definite weight of hematite for complete surface

coverage.

The adsorption parameters (Xm and KL) were calculated from the slope and intercept
obtained from the graph of Ceq/Xe versus Ceq (Fig. 4b). Percentage binding of L-ala is shown
in Table 1.

Langmuir isotherms had linear regression co-efficients (r2) of 0.99 and 0.98 for adsorption
at pH 4.0±0.1 and pH 6.2±0.1 respectively (Table 1). Triplicate data were produced for
adsorption isotherm and the data is presented with standard error (Fig. 4a) while mean values
are used to obtain Langmuir adsorption isotherm (Fig. 4b). The error bars represented in
Fig. 4a are most likely due to the consequential phenomenon of the variation in particle size of
hematite (Fig. 1) and/or experimental error.

The results of the experimental work showed that interaction between L-ala and hematite is
likely mediated via ionic interaction, chelation, inner-sphere complexes of –COO−Fe3+and
hydrogen bonding between carboxylic acid and amino groups of L-ala with the oxygen and –
OH of hematite. Pure oxides such as hematite may, if fine grained, contain some –OH in the
structure (Adegoke et al. 2013). The inner-sphere complexes between –NH2−Fe3+, may be
ruled out because at both pHs (6.2 and 4.0) the –NH2 group of L-ala is protonated (Scheme 1).

Fig. 4 Graph showing a adsorption behavior as a function of pH and molar Concentration and b Langmuir
adsorption isotherm, at pHs 4.0 and 6.2

Table 1 Percentage binding and Langmuir isotherm parameters of L-ala on the surface of hematite

Adsorbent pH Binding (%) Langmuir parameters

L-alanine Xe mg/g Xm (× 10−3 M/g) KL, × 104 (L/mg) r2

α-Hematite 4.0±0.1 29.86 17.41 19.5 3.30 0.99

6.2±0.1 65.31 48.02 53.36 8.51 0.98

336 P. Pandey et al.



So, lone pair of electron of –NH2 is not available for bonding with Fe
3+ and this also hindered

L-ala to behave like a bidentate ligand.
Moreover, at pH 4.0 the electron rich sites (—O─) of α-hematite will be protonated, resulting

in the formation of a positively charged surface, whichwill hinder the possibility of the attachment
of the cationic form of the amino group of L-ala with the ─O+H— and terminal —+OH2of
hematite. Electrostatic interaction may arise due to the presence of carboxylate ion (zwitterionic
form) and—COOH (cationic form) with the protonated—OH and—O— groups of hematite.
The higher percentage of adsorption (Table 1) of L-ala at higher pH (6.20) is possibly attributed
to the weak forces as well as strong chemical bonding such as hydrogen bonding, inner-sphere
complexes and chelation (Fig. 5). The protonated amino and carboxylate group of the zwitter-
ions may form hydrogen bonds with HO— and —O— of Fe2O3. A carboxylate can interact
with the hematite surface from one (single bonded) or two (twice bonded) oxygen atoms
(Duckworth and Martin 2001). Therefore, the other major possible sites of the surface interac-
tion are single bonded or twice bonded (chelates formation) where —COO− can donate
electrons and interact with superficial Fe3+ thus forming stable complexes (Fig. 5). Garcia
et al. 2007 studied the interaction of L-ala on alumina and emphasized the importance of
hydrogen bonding. At this pH (6.2) maximum surface interaction is observed while at pH 4.0
adsorption affinity tends to decrease due to the change in surface affinity resulting from acid
protonation as possible surface sites were saturated with H+ ions.

Minerals can play both the role of adsorbents as well as catalysts for the reactions forming
biomolecules and their biopolymers built may also decompose their resultant biomolecules by
decarboxylation/deamination (Lambert 2008; Pant et al. 2009; Zaia 2012; Gururani et al.
2012b). Recently, McCollom 2013 has shown the effect of hydrothermal conditions on the
decomposition of amino acids (viz. norvaline and alanine) in the presence of minerals and
reported that the presence of minerals accelerated the decomposition as well as altering the

Fig. 5 Possible route of interaction of L-ala on the surface of Fe2O3 at pH 6.2
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final products of reaction where L-ala was decomposed into acetic and propionic acid along
with CO2 and NH3. So special attention is needed to trace the stability of biomolecules after
the adsorption. Chromatographic techniques were used to insure the stability of L-ala during
the course of adsorption study. L-ala solution before and after adsorption (recovered), had
shown only one spot with ninhydrin spraying reagent in paper chromatography with Rf 0.47±
0.01 cm (see supplementary information S.1) and same observation was obtained with HPLC
analysis (S.2). The present study may help to clarify the possible role of hematite in the
stabilization of biomolecules. For example, on Mars, like in early periods of the Earth,
biomarkers such as amino acids might be protected through adsorption processes from hazards
like high energy radiation, ultraviolet, X-rays etc. which could otherwise destroy them either
by decarboxylation or deamination (Ciaravella et al. 2004).

The adsorption of biomolecules on iron oxide is in good agreement with previously
examined surface interaction experiments (Nakanishi et al. 2001; Adegoke et al. 2013; Cleaves
et al. 2011). Iron oxides have been considered, along with active carbon, phyllosilicates and
Fe/Ni sulfides, as being among the most important solid surfaces for the adsorption of organic
molecules (Matrajt and Blanot 2004) of possible relevance to the origin of life.

Conclusion

From the adsorption study, it is clear that there is a significant surface interaction between L-ala
and hematite, and that pH has a profound effect on adsorption. Adsorption affinity of L-ala is
maximum at its isoelectric point which reflects the contribution of electrostatic interaction for
surface studies. The main conclusions drawn from the laboratory simulation experiment
showed that iron oxides, reported on the surface of the red planet (Mars), may play a
significant role for the interaction of life-forming molecules on mineral surfaces via adsorption
processes.
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