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A B S T R A C T   

Formaldehyde condensation in the presence of a mineral catalyst and under alkaline conditions is 
considered to be a "messy" chemical system due to its dependence on the complex chemical 
equilibrium between the reaction intermediates, which has a significant impact on the final 
products. 

This chemical system is extremely important in prebiotic chemistry and has been proposed as a 
potential pathway for carbohydrate formation in the early Earth. Saline and soda lakes are 
alkaline systems that could concentrate and accumulate a wide variety of ions (such as phos
phate) and clay minerals, which can catalyze prebiotic chemical reactions. These geological en
vironments have recently been suggested as ideal environments in which prebiotic chemical 
reactions could have occurred. 

This study uses Lake Alchichica in Mexico as a physicochemical analog of an early Archean 
saline lake to examine the stability of formaldehyde in these aqueous saline environments. 
Formaldehyde decomposes into sugar-like and CHO molecules in alkaline, high-salinity envi
ronments depending on the minerals phases present. As phosphate ion (HPO4

2− ) is available in the 
aqueous medium, the results of our experiments also imply that phosphorylation processes may 
have occurred in these natural settings.   

1. Introduction 

The term “chemical evolution” refers to the suite of hypotheses that attempt to explain how the first components of life (i.e., 
biomolecules) were abiotically generated from multiple organic compounds. This idea, proposed independently by Oparin and Hal
dane in the 1920s [1], was verified experimentally using the spark discharge experiment designed by S. Miller [2]. Following this, 
several prebiotic chemical pathways have been proposed in an attempt to explain the formation of the aforementioned biomolecule 
precursors. 

Chemical evolution experiments (i.e., prebiotic chemistry studies) involve the simulation of primitive Earth environments, such as 
the primeval ocean and ancient hydrothermal systems. Many of these environments share some common characteristics, such as the 
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presence of an aqueous medium and a mineral phase. These factors play an important role in prebiotic chemical reactions, either as 
catalysts or as initiators of organic synthesis [3]. One clear example is the formose reaction [4], which involves the condensation of 
formaldehyde into aldehydes and carbohydrates under basic conditions [5]. This reaction requires alkaline conditions, heat, and the 
presence of carbonate minerals, which function as inorganic catalysts. These carbonate minerals can also influence the stability of the 
formed sugars, allowing for the formation of complex compounds [6]. Additionally, the active surfaces of some mineral phases, such as 
clays or iron hydroxide minerals, can further promote these aldehyde condensation reactions [7]. However, it should be noted that 
specific sugars, such as ribose or glucose, are merely by-products of these reactions; the main condensation products of these reactions 
comprise a complex mixture of straight-chain and cyclic pentoses and hexoses [8]. Therefore, studies on the reaction mechanisms of 
these prebiotic reactions in simulated early Earth environments are of great importance, as they are necessary to correctly describe 
how the building blocks of life could have emerged on the early Earth. 

Aldehydes are of particular interest in the field of chemical evolution as they play a wide variety of roles in abiotic synthesis re
actions. Formaldehyde can yield sugars when heated under alkaline conditions in the presence of a mineral catalyst [8]. Acetaldehyde 
has been proposed as a source of alanine [9], while multiple intermediaries of the formose reaction, such as pyruvaldehyde, glycer
aldehyde, and glyoxal, have been shown to play an important role in carbohydrate formation. Besides their ability to form sugars, the 
phosphorylation of aldehydes is of particular interest, as several phosphate compounds, such as glyceraldehyde 3-phosphate, are 
essential metabolites in multiple metabolic pathways [10]. Consequently, the study of how these compounds could have formed in 
prebiotic environments has become a central topic in modern chemical evolution studies. 

As previously mentioned, solid surfaces may have played an important role in the chemical evolution of minerals by serving as 
catalysts in the synthesis of organic compounds [3]. Of the mineral surfaces readily available on the early Earth, clay minerals have 
been highlighted as a crucial component for surface chemical processes. These minerals can selectively concentrate specific organic 
molecules. Also, the adsorption of organic molecules onto mineral surfaces can protect them from degradation by ionizing radiation 
[11]. Mineral surfaces can also catalyze the polymerization of organic molecules [12]. Clays have been ubiquitous mineral phases ever 
since their formation during planetary accretion [13]. Consequently, clays could have played an important role in the prebiotic 
synthesis of organic compounds due to their abundance on the early Earth. 

However, phosphorylation reactions highlight the difficulties with prebiotic chemical reactions in aqueous mediums, where the 
formation of the final product is not thermodynamically favored. As phosphorylation is a dehydration reaction (i.e., releases water), 
this process could not have occurred readily in an aqueous medium, as any reaction products would rapidly hydrolyze. Furthermore, 
dissolved phosphate is relatively rare in natural environments [14]. Consequently, phosphate is not expected to have existed in high 
concentrations on the early Earth because its concentration is buffered by the dissolution of phosphate minerals [15]. 

In light of this “phosphate problem”, alternative mechanisms have been proposed for the phosphorylation reactions and the 
occurrence of phosphate concentrations in natural environments. One novel idea proposes that carbonate-rich saline lakes could have 
been a natural environment in which up to 1 mol L− 1 of phosphate could have accumulated [16]. Specifically, the precipitation of 
phosphate with calcium to form low-solubility apatite minerals would have been inhibited by the sequestration of Ca2+ into carbonate 
minerals, increasing the availability of dissolved phosphate in the medium. Therefore, carbonate-rich saline lakes could have been an 
important geological environment in which sugar-forming prebiotic reactions could have occurred, especially due to their favorable 
physicochemical characteristics, such as their high pH values (>9) as well as the abundance of dissolved metallic cations (Ca2+, Na+, 
Mg2+, etc.), which have been shown to catalyze formose-like reaction of aldehydes [5,6,8]. As clays are a common mineral phase that 
are present in lacustrine sediments [17]; these minerals could have further catalyzed sugar-forming reactions. 

Fig. 1. Schematic representation of an ancient saline lake. The atmospheric composition denoted in the illustration follows the model proposed by 
Ref. [23]. These aqueous environments may have been abundant during the Archean (~3.9 Ga) in crustal zones with a high incidence of tectonic 
activity, which would have resulted in the formation of basins in which saline water could have accumulated. 
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1.1. Lake Alchichica as an analog of an ancient saline carbonate-rich lake 

Lake Alchichica is a crater lake located in the Cuenca de Oriental in central Mexico. The crater is a maar formed by a phreato
magmatic eruption and is surrounded by tuff deposits [18]. Alchichica is a closed basin lake, with no surface water tributaries or 
outlets. The water balance is maintained by precipitation and evaporation. The major ions present in the lake waters include Na+, Cl− , 
Mg2+, and SO4

2− , with K+, Ca2+, Li+, Br− , and F− existing as minor constituents. The hardness of the lake waters has been measured to 
be 18.72 mmol L− 1, which indicates that the lacustrine system is naturally saturated in CaCO3 [19]. Phosphate can be found in 
concentrations of up to 5.16 μmol L− 1 [20]. A few studies have been conducted on the mineralogical composition of the lake sediments 
[21]. reports that the sediment comprises mainly carbonate minerals and silt deposits (predominantly clays). The geochemical 
characteristics of this crater lake make it an ideal analog for ancient saline lakes (Fig. 1). These ancient aqueous surface environments 
could have been formed due to the chemical weathering of volcanic rocks in a CO2-rich atmosphere [16]. The high amounts of volcanic 
and tectonic activity could have formed lake basins due to the continuous generation of young crust [22], which, in turn, would be 
filled by the surface water enriched in weathering products. As Lake Alchichica is a saline lake rich in calcium carbonates, this 
environment is an ideal candidate for the accumulation of phosphate in accordance with previously proposed models [16]. 
Furthermore, the alkaline pH of the lake waters as well as its ionic content represent chemical characteristics that would have been 
ideal for the base-catalyzed aldolic condensation reactions of aldehydes and ketones dissolved in the medium. This work aims to study 
the stability of formaldehyde and its decomposition products in an aqueous saline environment that is analogous to an ancient saline 
lake; it will also focus on the presence of clay minerals in these environments and how they could have influenced the stability of the 
aldehyde in the system. 

2. Materials and methods 

2.1. Reagents 

DL-glyceraldehyde (90 %) paraformaldehyde (99.9 %), glyoxal (40 wt % in H2O), glycolaldehyde (>90 %), D-glucose (99.9 %), D- 
ribose (99.9 %), Sucrose (99.9 %), NaOH (99 %), HCl (37 wt % in H2O), D2O (99.8 %), NaCl, MgSO4 •7H2O, and Na2HPO4 • 7H2O were 
obtained from Sigma-Aldrich®, St. Louis, MO, USA. Methanol-free formaldehyde was prepared from paraformaldehyde according to 
the method described by Ref. [24]. Acetonitrile (HPLC), ethanol (HPLC), H2SO4 (95–97 %), α-D-Glucose 1-phosphate disodium salt 
hydrate (97 %), and 2,4-dinitrophenylhydrazine (DNPH) (97 %) were obtained from Merck Co.®, Kenilworth, NJ, USA. 
Ca-Montmorillonite (STx-1; Gonzales County, Texas, USA) and Na-Montmorillonite (SWy-2; Crook County, Wyoming, USA) were 
obtained from the Source Clay Minerals Repository, Purdue University, IN, USA. All the reagents were of the highest available 
commercial purity. 

2.2. Preparation of samples 

To simulate the physicochemical conditions of Lake Alchichica, saline water with an ionic content analogous to the Alchichica 
system was prepared. This analog consisted of an aqueous solution of 0.02 mol L− 1 NaCl, 1 × 10− 3 mol L− 1 MgSO4 •7H2O, and 0.05 
mol L− 1 Na2HPO4 •7H2O. These salt concentrations were used to simulate the major ions present in the waters of Lake Alchichica [20], 
in which the total water column concentration of Na+, Cl− , Mg2+, and SO4

2− were reported to be approximately 100, 87, 35, and 16 meq 
L− 1, respectively [20]. An exception was made with MgSO4 •7H2O, whose concentration was increased to increase the solubility of the 
salt at the desired volumes (100 mL). The total ion content, pH, ionic force, and temperature of the saline water samples are presented 
in Table 1. This water was used for the preparation of concentrated (1.5 mol L− 1) aqueous methanol-free formaldehyde solutions. The 
samples were degasified with Ar to remove any dissolved O2. The final pH of the formaldehyde standard solution in saline water was 
9.13. 

2.3. Sorption experiments 

100 mg of clay mineral phases were mixed with 5 mL aliquots of the degasified formaldehyde standard solution dissolved in saline 
water in 15-mL polyallomer centrifuge tubes (Beckman Coulter®, Brea, CA, USA) to simulate the interaction between formaldehyde 
and clays in a saline, alkaline environment. Two different sets of clay suspensions inside polyallomer tubes were done, using different 
clays in each one (Na-Montmorillonite (SWy-2) and Ca-Montmorillonite (STx-1)) The polyallomer tubes with clay suspension were 

Table 1 
Physicochemical characteristics of simulated Lake Alchichica saline water.  

Ion Concentration (mol L− 1) Temperature (K) System pH Ionic Force (I) 

Na+ 0.12 298 9.2 0.173 
Cl− 0.02    
Mg2+ 1 × 10− 3    

SO4
2- 1 × 10− 3    

HPO4
2- 0.05     
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saturated with Ar to create an anoxic atmosphere and the polyallomer tubes were sealed to preserve the atmospheric integrity of the 
system. 

Once prepared in the polyallomer tubes, the clay-formaldehyde mixtures were subjected to constant agitation. The minerals were 
separated from the aqueous phase using an Allegra XL-90 centrifuge (Beckman Coulter®, Brea, CA, USA) at 25,000 rpm at room 
temperature for 15 min at defined time intervals (1, 24, 48, 168, and 336 h). The mineral powder was desiccated and preserved for 
further analysis. The collected supernatants were filtered using 12-μm Acrodisc syringe filters (Whatman®, Chicago, IL, USA) and 
stored at 0 ◦C for the subsequent High pressure liquid chromatography (HPLC) measurements. The formation of new organic com
pounds in the sample supernatants was monitored by HPLC; analyzing each sample after the previously described sorption time in
tervals elapsed. Following this analysis, the aqueous phase was evaporated under a constant air flow until the dissolved organic 
compounds precipitated. The precipitate—a white powder—was stored in a vacuum desiccator for 24 h to remove excess water in the 
samples and stored for further analysis. 

2.4. Carbonyl-containing compound measurements 

The aldehydes were identified in the form of their 2,4-dinitrophenylhydrazine (DNPH) derivatives using HPLC–UV. The carbonyl 
compounds were derivatized by reacting 4 mL aliquots of the sample supernatants with 4 mL aliquots of the DNPH reagent (0.4 mg 
DNPH dissolved in 2 mL H2SO4, 3 mL H2O, and 25 mL of ethanol) for 12 h. The carbonyl derivatives precipitated as yellow-orange 
crystals, which were filtered, dried, recrystallized, and redissolved in acetonitrile for subsequent analysis. The DNPH derivatives of 
formaldehyde, glyoxal, pyruvaldehyde, and DL-glyceraldehyde were prepared and used as standards for the detection of carbonyl 
compounds in the experimental samples. 

2.5. Sample analysis: sorption experiments 

2.5.1. Raman spectroscopy analysis 
Raman spectroscopy was used to identify the chemical structure of the organic standards and the reaction products. The organic 

solids precipitated from the experimental samples were pressed between a NaCl pellet and their Raman spectra were collected using an 
Optosky ATR 3000 portable Raman spectrometer. The Raman probe, which utilized a Class IIIB laser, was positioned at an operating 
distance of 6 mm from the sample. The laser was maintained at a constant power of 400 mW to avoid damage to the sample. The 
spectra were recorded in the interval of 3000 to 150 cm− 1 with a resolution of ±5 cm− 1. 

2.5.2. IR-ATR spectroscopy 
The infrared spectra of the precipitated organic solids (a dry organic powder) as well as the clays before and after sorption (as a dry 

mineral powder) were collected using attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectroscopy. Spectra was 
collected with a PerkinElmer® Spectrum 100-FTIR-ATR spectrometer, coupled to a Horizontal Attenuated Total Reflectance (HATR) 
accessory with a reflection element consisting of a ZnSe crystal (PerkinElmer®). The angle of incidence into the crystal cell was 45◦. 
Prior to each batch sample, a background spectrum of the environment and empty cell was collected. The spectra were recorded in the 
interval of 4000 to 650 cm− 1 with a resolution of 4 cm− 1 using 25 scans per sample. 

2.5.3. Analysis of remnant phosphate after sorption with STx-1 and SWy-2 clays 
The remnant ion phosphate (HPO4

2− ) in solution was determined by conducting an acid-base titration of the aqueous supernatant of 
the samples after sorption with STx-1 and SWy-2 clays. 0.01 mol L− 1 NaOH was used as a titrant, which allowed us to quantify the 
formation of Na2HPO4 in the system, which possessed an equivalence point of pH 9.4. The full description of the method used can be 
found in Ref. [25]. The pH of the sample supernatants after sorption was 7.8 and 8.12 for the STx-1 and SWy-2 samples, respectively. 
Consequently, all samples were acidified with 0.1 mol L− 1 HCl to a pH of 6.0. NaOH was subsequently added to 5 mL aliquots of the 
supernatants, with pH constantly monitored until the equivalence point was reached. The concentration of phosphate at the equiv
alence point was calculated based on the total titrant volume. This procedure was also conducted on the original saline solutions to 
determine the phosphate concentration in the system before sorption. The tritation curve of the experimental samples was monitored 
using a ThermoScientific® VersaStar Pro pH meter coupled to an Orion ROSS 8157 UWMMD pH/ATC triode electrode. 

2.5.4. HPLC analysis 
A Waters® ACQUITY UPLC evaporative light scattering (ELS) detector coupled to a Waters® 600E multisolvent delivery system 

was used to characterize the sugars and CHO compounds present in the samples using their retention times. The compounds were 
separated in a GL Sciences® Inerstil NH2 5 μm column (4.6 × 250 mm; Torrance, CA, USA) using isocratic elution at 1.0 mL/min with a 
mobile phase comprising 60 % acetonitrile and 40 % water. 

An HPLC coupled to an electrospray ionization-mass spectroscopy (ESI-MS) detector was used to analyze the m/z of the detected 
sugar-like compounds. This analysis was conducted using a Waters® 515 HPLC pump coupled to a Waters® SQ-2 Single Quadrupole 
Mass Detector system, with electrospray ionization in negative (ESI-) mode. The cone voltage was 20 V, the capillary voltage was 2.55 
kV, and the desolvation temperature was 350 ◦C. The sugar-like compounds were separated using the aforementioned GL Sciences® 
Inerstil NH2 5 μm column (4.6 × 250 mm) using isocratic elution at 0.8 mL/min with a mobile phase comprising of 60 % acetonitrile 
and 40 % water; this method was specifically designed for the separation of carbohydrates. 

A Knauer®, Berlin, Germany Azura P 4.1s HPLC pump equipped with a Knauer® Smartline 2300 refraction index (RI) detector was 
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used to analyze the phosphorylated compounds. The stationary phase was an Alltech® Wescan 10 μm Anion Exclusion column (7.5 ×
300 mm; Illinois, USA); the procedure utilized isocratic elution at 0.5 mL/min with a mobile phase of 1.5 mmol L− 1 H2SO4 in 10 % 
acetonitrile. All chromatographic measurements were done at 588 mm Hg pressure and 25 ◦C. 

2.5.5. 31P Nuclear magnetic resonance (31P NMR) 
31P NMR spectra of the precipitated organic solids formed after sorption with SWy-2, and STx-1 clays was recorded using a 

Bruker®, Fällanden, Switzerland 400 MHz Avance III HD spectrometer. 5 mg of the precipitated organic solids were dissolved in 0.7 
mL of D2O, and then transferred to 5 mm tubes to collect the 31P NMR spectra. The NMR measurements were done at 588 mm Hg and 
25 ◦C. 

2.6. Sample analysis: carbonyl-containing compounds 

2.6.1. HPLC-UV 
HPLC-UV was used to analyze the DNPH derivatives of the carbonyl-containing compounds. A Varian® 9010 Solvent Delivery 

System HPLC pump (California, USA) coupled to a Varian® 9060 Variable Wavelength UV–Vis detector was used. The derivatives of 
the carbonyl compounds were monitored by measuring their absorbance at 350 nm. The derivatives were separated in a SUPELCO® 
Supelcosil LC-18 C-18 column (250 × 4.6 mm) using isocratic elution at 1.0 mL/min with a mobile phase comprising 70 % acetonitrile 
and 30 % water. The results were collected using an HP® 3396A Integrator (California, USA). 

2.7. Analysis of chemical equilibria in the aqueous solution 

Following the equilibration of salts in the system, the total ionic concentration and saturation index (SI) of all possible solids in 
solution were modeled using the Chemical Equilibrium Modeling System MINEQL + Version 5.0 computer program, which has been 
distributed as free software. 

MINEQL+ is designed for the modelling of chemical equilibria and uses a numerical engine to solve mass balance equations using 
equilibrium constants. The theoretical considerations and equations that underpin the MINEQL engine are discussed in detail in 
Ref. [26]. The equilibrium constant values were referenced from the USEPA MINTEQA2 thermodynamic database [27]. The following 
values were used for the initial concentration of ionic species in solution: 0.12 mol L− 1 Na+, 0.02 mol L− 1 Cl+, 1 × 10− 3 mol L− 1 Mg2+, 
and 1 × 10− 3 mol L− 1 SO4

2− . Phosphate was introduced into the system in the form of the HPO4
2− ion (0.05 mol L− 1). All equilibrium 

equations were solved using a pH of 9.13, an ionic force (I) of 0.174 (calculated using the Debye-Hückel Davies equation [28]), a 
temperature of 288 K, and a pCO2 of 3.5 atm. The temperature and pCO2 values were selected based on the environmental conditions 
used for the sorption experiments. The theoretical calculations were repeated using a pCO2 of 0.3 bar and a temperature of 288 K to 
simulate the equilibria expected under early Archean environmental conditions [29]. 

3. Results 

3.1. Formaldehyde and clay analysis 

The IR pattern of both Na-montmorillonite (SWy-2; Fig. 2) and Ca-montmorillonite (STx-1; Fig. 3) exhibit vibrational bands 
associated with Si–O bonds at 797 and 697 cm− 1 for SWy-2 and 797 and 693 cm− 1 for STx-1. Vibrational bands associated with OH 
groups were present in both clays (Figs. 2a and 3a). Based on the literature, the 883 cm− 1 and 863 cm− 1 bands in SWy-2 (Fig. 2b) were 
attributed to the vibration of AlFe3+OH and AlMgOH, respectively [30], while the 843 cm− 1 band in STx-1 (Fig. 3b) was interpreted to 
be due to the vibration of MgOH groups. 

Fig. 2. IR spectrum of the natural Na-montmorillonite (SWy-2) samples. a) 4000–2000 cm− 1 region. b) 2000–650 cm− 1 region.  
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The IR spectrum of paraformaldehyde (the precursor from which the methanol-free formaldehyde was prepared) exhibits vibra
tional bands associated with sp3 carbons at 2981, 2921, and 1468 cm− 1 (Fig. 4). The 1088 cm− 1 vibration band is associated with the 
asymmetric C–O stretch. These observations suggest that the sample consists of pure crystalline paraformaldehyde. A weak band 
around 3000 cm− 1 was also observed: These vibrations could be associated with OH groups present in the sample. However, the lack of 
the C–OH stretch vibration band suggests that the main C–O bond on the organic compound is an ether bond. 

3.2. Chemical equilibrium of the simulated Lake Alchichica saline Water 

The stability of formaldehyde in an aqueous saline environment, such as the chemical analog of an ancient saline lake, is influenced 
by the complex equilibrium in the saline solution. Consequently, it is important to consider the relative concentration of species in such 
solutions. 

We determined the total ion concentration of the dissolved species in the simulated Lake Alchichica saline solution at 25 ◦C in an 
O2-free atmosphere with a pCO2 of 3.5 atm. The total concentration of non-precipitated ionic species in the saline water solution is 
presented in Table 2. The amount of free phosphate (PO4

3− ) in solution was less than 0.05 mol L− 1 due to the presence of additional 
chemical species that removed this ion from the medium. Due to the high Na concentration of the waters (0.12 mol L− 1), NaHPO4

− was 
one of the major phosphate species present in solution, accounting for up to 26 % of the total P in the system (Table 3). Soluble 
phosphate in the form of HPO4

2− was present at concentrations of 3.56 × 10− 2 mol L− 1, representing 71.3 % of the total P. The 
discrepancy in the concentrations of the phosphate ions in the calculated experimental values can be attributed to dispersion in the pH 

Fig. 3. IR spectrum of the natural Ca-montmorillonite (STx-1) samples. a) 4000–2000 cm− 1 region. b) 2000–650 cm− 1 region.  

Fig. 4. IR spectrum of paraformaldehyde powder.  
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measurements; specifically, pH electrodes lose precision at high Na+ concentrations due to the saturation of the exchange membrane. 
An analysis of the SI of all possible solids in solutions reveals the complex equilibrium of the potential mineral phases. Positive SI values 
are associated with mineral phases that are likely to precipitate in the system, while negative values are associated with mineral species 
that are presented but are undersaturated and unlikely to precipitate. At the present temperature, pH, and chemical conditions, we 
found that the only mineral species in equilibrium with the ion concentration was Mg3(PO4)2 (Table 4). It should be noted that an SI of 
0 suggests an unstable equilibrium: changes in the concentration of dissolved Mg2+ could favor the precipitation of this mineral phase. 

To investigate how the chemical equilibrium of the system would change in a CO2-rich atmosphere, we repeated the previous 
calculations using a pCO2 of 0.3 bar and a temperature of 288 K, which are the partial pressures and global average temperatures 
characteristic of the early Archean [29]. The total concentration of dissolved ions under these conditions is shown in Table 5. The 
amount of soluble phosphate was found to have increased by almost 30 % compared to the equilibrium concentrations in the system at 
modern pCO2 values, increasing the availability of this ion in saline waters (Table 6). The SI analysis also highlighted the rather 
complex equilibrium between the mineral phases (Table 7). Magnesite was the only mineral species in equilibrium with the system, 
likely due to the increase in the atmospheric pressure of CO2 (~1000 times more than CO2 preindustrial values). 

3.3. Stability of formaldehyde in simulated saline aqueous media 

The remaining amount of formaldehyde in the experimental samples was determined by measuring the absorbance of form
aldehyde–DNPH at 350 nm as a function of the sorption time, using the Beer–Lambert law to calculate the concentration of the 
compound in solution. The calibration curve was constructed using formaldehyde–DNPH standards with concentrations ranging 
between 1 × 10− 2 to 1 × 10− 5 mol L− 1. Besides these determinations, HPLC-UV analysis shows that formaldehyde is labile under the 
experimental conditions. Formaldehyde decomposes in the presence of clays (Fig. 5). The total percentage of remnant formaldehyde 
was found to decrease proportionally to sorption time. The decomposition rate of the compound was independent of the type of clay 
present in the system, though there was a slight increase in decomposition time when exposed to SWy-2 clay: at the maximum sorption 
time, 94.16 % formaldehyde had decomposed when exposed to STx-1 compared to 98.01 % when exposed to SWy-2. An exhaustive 
analysis of the aqueous supernatants by HPLC-ESI-MS as well as the organic solids precipitated after the evaporation of the organic 
sample yielded additional chemical information about the formaldehyde decomposition products. 

The precipitated organic solids included contributions from decomposition products, remnants of paraformaldehyde, and traces of 
Na2HPO4 salt. The IR spectrum of the precipitated organic solids formed from sorption onto SWy-2 exhibited vibrational bands 
associated with sp3 carbons (2894, 2922 and 1474 cm− 1) and C–OH stretching (1084 and 1065 cm− 1), as well as a vibrational band at 
1622 cm− 1 (Fig. 6). The precipitated organic solids formed from sorption onto STx-1 exhibited vibrational bands associated with sp3 

and sp2 carbons as well as C–O bonds (Fig. 7); this contrasts with the products identified in SWy-2, in which the region corresponding 
to C–O bond vibration was attributed to ether groups. 

Raman spectra yielded additional information about the functional groups present in the samples derived from sorption onto the 
STx-1 and SWy-2 clays (Figs. 8 and 9, respectively). The most notable vibrational bands were found at 1090, 1075, 1052, 910, and 865 
cm− 1, which correspond to C–O and C–H bond vibrations. The vibrational band at 1600 cm− 1, which corresponds to sp2 carbon (C=C), 
is present in both systems. The samples derived from sorption onto SWy-2 also exhibited a vibrational band at 1700 cm− 1 associated 

Table 2 
Total concentration of dissolved ionic species in the simu
lated Lake Alchichica saline water.  

Ion Concentration (mol L− 1) 

[Na+] 0.12 
[Cl− ] 0.02 
[Mg2+] 5.68 × 10− 4 

[SO4
2− ] 1 × 10− 3 

[PO4
3− ] 4.97 × 10− 2 

[CO3
2− ] 1.12 × 10− 2  

Table 3 
Chemical species derived from PO4

2− in the simulated Lake Alchichica saline water.  

Chemical species Concentration (mol L− 1) Total % 

PO4
3- 8.979 × 10− 5 0.18 

MgH2PO4
+ 4.252 × 10− 7 0.00085 

MgHPO4(aq) 3.535 × 10− 4 0.707 
NaHPO4

− 1.342 × 10− 2 26.8 
H2PO4

− 1.708 × 10− 4 0.342 
HPO4

− 2 3.566 × 10− 2 71.3 
H3PO4 1.322 × 10− 11 0 
MgPO4

− 1.935 × 10− 5 0.0387 
Mg3(PO4)2 (s) 1.439 × 10− 4 0.576 
Total P 0.04971 100  
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with carbonyl bonds (C=O). This vibrational band was notably absent in the samples derived from sorption onto STx-1. 
Due to the presence of HPO4

2− ion in the saline solution, additional IR and Raman analysis were done, aimed to study the interaction 
of this ion with the organic compounds present in solution. Specifically, the formation of organophosphates was monitored. Diagnostic 
peaks of P–O stretching modes typically appear between 800 and 1300 cm− 1; both samples exhibited vibrational bands at 1087, 930, 
and 862 cm− 1, which could correspond to P–O stretching modes of organophosphates (Fig. 10) [31]. Therefore, the band at 
approximately 975 cm− 1 can be assigned to the antisymmetric C–O–P stretching vibration of phosphorylated organic compounds [32, 
33] (Fig. 9). 

HPLC-ESI-MS was used to detect sugar-like compounds in the sample supernatants, which were analyzed following sorption onto 
SWy-2 (Fig. 12) and STx-1 (Figs. 11 and 12). The retention times of standard carbohydrates are shown in Table 8. Both samples were 
monitored using the Total Ion Count (TIC) mode with negative ionization. The elution times of standard carbohydrates were used as a 
reference for the identification of detected compounds (Table 2). The TIC chromatogram exhibited two signals at retention times of 9.2 
and 16.4 min; neither of these times matched any of the standard carbohydrates. Furthermore, each signal exhibited multiple m/z 
values (Figs. 11 and 12), suggesting the fragmentation of the separated organic compounds. 

In addition to these sugar-like compounds, aldehydes were detected by HPLC-UV (Fig. 13a and 13b). The chromatograms of the 

Table 4 
Saturation indices of all possible mineral phases in the simulated Lake 
Alchichica saline water.  

Mineral phase SI 

Hydromagnesite (Mg5(CO3)4(OH)2•4H2O) − 7.956a 

Artinite (Mg2(CO3)(OH)2•3H2O) − 3.301a 

Mg(OH)2 − 4.821a 

Periclase (MgO) − 7.611a 

Brucite (Mg(OH)2) − 2.871a 

MgHPO4•3H2O − 0.452a 

Nesquehonite (MgCO3•3H2O) − 3.004a 

Natron (Na2CO3•10H2O) − 4.289a 

Epsomite (MgSO4•7H2O) − 5.747a 

Mirabilite (NaSO4•10H2O) − 4.686a 

Halite (NaCl) − 4.58a 

Magnesite (MgCO3) − 0.214a 

Mg3(PO4)2 0 
Thenardite (NaSO4) − 6.122a  

a Negative values indicate the solid is undersaturated in the aqueous sys
tem and is thus unable to precipitate. 

Table 5 
Total concentration of dissolved ionic species in the simu
lated Lake Alchichica saline water under early Archean 
conditions.  

Ion Concentration (mol L− 1) 

[Na+] 0.12 
[Cl− ] 0.02 
[Mg2+] 2.58 × 10− 5 

[SO4
2− ] 1 × 10− 3 

[PO4
3− ] 0.05 

[CO3
2− ] 1.07 × 10− 2  

Table 6 
Chemical species derived from PO4

2− in the simulated Lake Alchichica saline water under early Archean 
conditions.  

Chemical species Concentration (mol L− 1) Total % 

PO4
3- 9.63 × 10− 5 0.19 

MgH2PO4
+ 7.08 × 10− 10 0 

MgHPO4(aq) 5.77 × 10− 7 0.0011 
NaHPO4

− 1.25 × 10− 3 2.5 
H2PO4

− 2.4 × 10− 4 0.491 
HPO4

− 2 4.8 × 10− 2 96.8 
H3PO4 1.71 × 10− 11 0 
MgPO4

− 2.51 × 10− 8 0 
Total P 0.05 100  
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derivatized aqueous supernatants exhibited several peaks that were identified by comparing their retention times to standard car
bonyl–DNPH derivatives that were calibrated under the experimental conditions used in this study (Table 9). The aldehydes observed 
after sorption onto SWy-2 and STx-1 were identified as glycolaldehyde and glyoxal (Fig. 13c and 13d). The maximum concentration of 
these aldehydes in solution was reached at 336 h, although their formation was detected even at the lowest sorption times. 

3.4. Clays in simulated ancient saline aqueous media 

Following the sorption experiments, the Ca- and Na-montmorillonite (referred to as STx-1 and SWy-2, respectively) were analyzed 
using IR-ATR spectroscopy. An analysis of the 4000–2000 cm− 1 and 2000–650 cm− 1 regions revealed the presence of additional 
vibrational bands that were not originally present in the clay standards (Fig. 14). These bands were attributed to the vibrations of sp3 

carbons (Fig. 14a and b). The Si–OH vibrational band was notably deformed in the clay samples following sorption, which implies the 
presence of organic C–OH bonds (Fig. 14a and c). This data suggests that organic compounds were sorbed into the surface of the SWy-2 
clays. In contrast, the spectra of the STx-1 clay before and after sorption did not exhibit any notable differences, suggesting that no 
organic matter sorbed onto these samples (Fig. 14c and d). 

Table 7 
Saturation indices of all possible mineral phases in the simulated Lake 
Alchichica saline water under early Archean conditions.  

Mineral phase SI 

Hydromagnesite (Mg5(CO3)4(OH)2•4H2O) − 11.770a 

Artinite (Mg2(CO3)(OH)2•3H2O) − 6.795a 

Mg(OH)2 − 7.676a 

Periclase (MgO) − 11.385a 

Brucite (Mg(OH)2) − 6.419a 

MgHPO4•3H2O − 3.256a 

Nesquehonite (MgCO3•3H2O) − 3.059a 

Natron (Na2CO3•10H2O) − 3.099a 

Epsomite (MgSO4•7H2O) − 8.459a 

Mirabilite (NaSO4•10H2O) − 6.288a 

Halite (NaCl) − 5.592a 

Magnesite (MgCO3) 0 
Mg3(PO4)2 − 8.465a 

Thenardite (NaSO4) − 8.263a  

a Negative values indicate the solid is undersaturated in the aqueous system 
and is thus unable to precipitate. 

Fig. 5. Decomposition curve of formaldehyde under the experimental conditions as a function of sorption time.  
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3.5. Quantification of the remaining phosphate in solution 

The total amount of phosphate in solution following sorption was calculated using an acid-base titration with 0.01 mol L− 1 NaOH 
(Fig. 13). The initial phosphate concentration before sorption was calculated by titrating the initial formaldehyde saline solutions with 
the same reagent: this value was found to be 0.040 mol L− 1, representing the total amount of H2PO4

2− available in the system for 
reaction with NaOH (additional phosphate species, formed by equilibrium with Mg and Na ions, were not accounted for in this study). 
The total percentage of phosphate (HPO4

2− ) in solution diminishes proportionally to sorption time, up to a maximum of 94 % and 80 % 
when exposed to SWy-2 and STx-1, respectively. At a pH of 6.0, the initial value used for the titration of the sample, the total 

Fig. 6. The IR spectrum of the precipitated organic solids formed after sorption onto SWy-2 clay.  

Fig. 7. The IR spectrum of the precipitated organic solids formed after sorption onto STx-1 clay.  
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concentration of phosphate ion (HPO4
2− ) in our experimental system was 0.040 mol L− 1; i.e., final phosphate concentrations in solution 

were 0.037 and 0.032 mol L− 1 for the systems exposed to SWy-2 and STx-1, respectively. The final concentration of phosphate in 
solution was reached at 48 h and remained stable up to the maximum sorption time (336 h) 

4. Discussion 

Formaldehyde and the formose reaction are chemical systems that are widely studied in prebiotic chemistry [6,34–36]. Most, if not 
all, of these studies focus on the role that formaldehyde plays as the main monomer in the aldol condensation reaction, which ends with 
the production of carbohydrates. The novelty of the present work is the insights that our experiments provide on the behavior of 
aldehydes in a simulated ancient saline system (specifically, alkaline ‘soda’ lakes). Soda lakes are considered to be promising settings 
for the occurrence of prebiotic reactions as they allow for the concentration of major elements as well as anions of biological relevance 
[37]. These lakes have been proposed as ideal environments in which phosphate could accumulate due to their concentration in water 
by the precipitation of its main sequestrant, Ca2+, in the form of carbonates [16]. Lake Alchichica was selected as an analog of these 
ancient alkaline lake systems, as the hydrogeochemistry of the Alchichica system allows for the concentration of phosphate in a 
manner similar to the chemical equilibrium proposed in the cited references. 

This was validated by studying the chemical equilibrium of the proposed experimental system. At modern temperature and CO2 
concentrations (25 ◦C and pCO2 = 3.5 atm, respectively), the proposed hydrogeochemical model could accumulate up to 3.56 × 10− 2 

mol L− 1 of phosphate in the form of HPO4
2− . However, this accumulation was dependent on two factors: 1) the absence of microor

ganisms that could consume phosphate as nutrients [20], and 2) the absence of chemical cations with strong affinities for phosphate. 
The first condition is readily met in a prebiotic environment, as these systems would have been devoid of life. However, the second 

Fig. 8. Raman spectrum of the precipitated organic solids formed after sorption onto the clays used in this study (1150–800 cm− 1 region).  

Fig. 9. Raman spectrum of the precipitated organic solids formed after sorption onto the clays used in this study (3000–1150 cm− 1 region).  
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condition depends entirely on the chemistry of the system, as the presence of ionic species that precipitate alongside phosphate, such as 
Ca2+, Mg2+, CO3

2− , SO4
2− , and F− , could alter the precipitation equilibria of the systems [38,39]. The SI of all the possible mineral 

species under the Mg2+ and SO4
2− concentrations of the simulated system can help determine if phosphate minerals are likely to 

precipitate. Table 4 shows that Mg3(PO4)2 had an SI value of 0 under these conditions, indicating that it is in equilibrium with the 
system (i.e., near saturation). 

Modifying the temperature and CO2 concentrations of the simulated saline waters to match the conditions proposed for the early 
Archean [29] resulted in changes in the phosphate and Mg2+ concentrations in the system (Table 5): dissolved phosphate concen
trations were found to increase, while the concentration of Mg2+ decreased. This was due to the increase in the saturation of dissolved 
carbonate in the system as a result of the increase in pCO2 due to the abundance of atmospheric CO2. An analysis of the SI of the early 
Archean system reveals that magnesite (MgCO3) was in equilibrium with these saline waters. Thus, the presence of a CO2-rich at
mosphere could have increased the chemical weathering rates of silicates, which, in turn, would have increased the amount of 
magnesium in solution. Although magnesite is the most thermodynamically stable form of magnesium carbonate, its precipitation is 
hindered at low ambient temperatures [40]. In contrast, the solubility of calcium carbonates would have been lower in highly alkaline 
systems. However, a high pCO2 would have rapidly increased the precipitation rate of calcium carbonates, increasing calcite saturation 
in the system [41]. Consequently, the near saturation of magnesite in the system is primarily due to the absence of dissolved Ca2+, 
which was likely sequestered by the precipitation of calcium carbonates. 

Fig. 10. The IR spectrum of the precipitated organic solids formed after sorption onto SWy-2 and STx-1 clays in the 1200–800 cm− 1 region 
compared to α-D-glucose 1-phosphate standard. The 1088, 930, and 862 cm− 1 bands are associated with the vibrational frequencies of phosphate 
groups [31]. 
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In the context of phosphate sequestration, the high affinity of magnesium for carbonate [40,41] would have favored the precip
itation of magnesium carbonates over magnesium phosphate (Table 7), especially due to the high concentration of dissolved car
bonate. In the simulated Archean alkaline water, the carbonate concentration was found to be the main control on phosphate 
concentration. Although magnesium weathering (and mobility) would have been higher, phosphate would still have accumulated 
because the precipitation of magnesium carbonates is thermodynamically favored, especially at increased pCO2 values. Indeed, despite 
the near equilibrium of Mg3(PO4)2 in modern simulated saline water, an increase in dissolved carbonate could lead to an increase in 
phosphate concentration in the system. This phenomenon has already been observed in Lake Alchichica, which possesses waters 
saturated in calcite, dolomite, and magnesite due to the high pCO2 values in the environment. Phosphate is only undersaturated in the 
medium due to its consumption by local microorganisms [20]: this would not have been the case in a lifeless, early Archean envi
ronment in which only inorganic chemical species would have been capable of sequestering phosphate. 

Formaldehyde was found to be labile under these experimental conditions, readily decomposing when exposed to SWy-2 and STx-1 
clays (Fig. 5). The decomposition rate of the formaldehyde was independent of the type of clay. Previous studies have reported on the 
role that mineral surfaces play in the aldolic condensation of aldehydes; specifically, the mineral surfaces allow for the binding of the 

Fig. 11. a) Total ion count (TIC) HPLC-ESI-MS chromatogram of the sugar-like compounds detected in the sample supernatants following form
aldehyde sorption onto SWy-2 in the simulated ancient saline lake solutions. 

Fig. 12. a) Total ion count (TIC) HPLC-ESI-MS chromatogram of the sugar-like compounds detected in the sample supernatants following form
aldehyde sorption onto STx-1 in the simulated ancient saline lake solutions. 

Table 8 
Elution times of standard carbohydrates in a GL Sciences® Inertsil 
NH2 5 μm Column.  

Compound Elution time (min) 

D-Glucose (C6H12O6) 9.8 ± 0.03 
D-Ribose (C5H10O5) 7.97 ± 0.08 
Sucrose (C12H22O12) 11.37 ± 0.2  
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OH groups of diols, enols, and enolates of aldehydes in solution onto clays under acidic and alkaline pHs [6,7,42,43]. Our experimental 
system was expected to exhibit similar behavior. An exhaustive analysis of the IR spectra of the SWy-2 and STx-1 clays before and after 
sorption yielded additional information about the chemical species bound to their mineral surfaces. Before sorption (Figs. 2 and 3), 
both clays exhibited bands associated with silica and surface OH groups (693, 797, 1633, and 3700–3400 cm− 1). A Fe3+ vibration band 
was detected (885 cm− 1) in the SWy-2 clay while vibrational bands corresponding to Al–OH (913 cm− 1) and Mg–OH (843 cm− 1) were 
detected in the STx-1 clay. An analysis of the chemical composition of both clays revealed that the primary difference between the 
SWy-2 and STx-1 clays was their Fe content [44], with SWy-2 possessing a maximum iron content of 4.37 % (in the form of Fe2O3) 
while STx-1 possessed a total Fe2O3 content of 1.20 %. The iron content of SWy-2 was thus high enough for the IR vibration band to 
overprint the Al–OH and Mg–OH bands. Following sorption, new IR bands appeared on the SWy-2 samples. Specifically, two ab
sorption bands in the 2800–3000 cm− 1 region, with an additional band appearing at approx. 700 cm− 1 after 168 and 336 h of sorption 
with formaldehyde (Fig. 14). These vibration bands are associated with sp3 carbons, which suggests that the decomposition products of 
formaldehyde had been bound to the surface of the clay. However, the mechanisms behind this binding process remain unknown. One 
potential mechanism for the sorption process is the binding of newly formed aldehyde enediolates, such as glycolaldehyde (Fig. 13), to 
Fe3+ cations [7], which, as shown earlier, are known to be present in higher concentrations in the SWy-2 clay compared to STx-1. 
However, further work is needed to correctly determine the mechanisms by which organic compounds are bound to the SWy-2 clay. 

An exhaustive analysis of the IR and Raman spectra of the organic solids precipitated following the evaporation of water from the 

Fig. 13. HPLC chromatogram of sample supernatants derivatized with DNPH at different sorption times. a) Sample supernatant after 60 min of 
sorption onto STx-1. b) Sample supernatant after 60 min of sorption onto SWy-2. c) Sample supernatant after 336 h of sorption onto STx-1. d) 
Sample supernatant after 336 h of sorption onto SWy-2. Signals at retention times of 3.5, 4.18, and 7.6 min correspond to glycolaldehyde-DNPH, 
formaldehyde-DNPH, and glyoxal-diDNPH, respectively (Table 9). The small peak at 4.18 min corresponds to a glycolaldehyde impurity. 

Table 9 
Elution times of standard carbonyl-DNPH derivatives in a 
SUPELCO® Supelcosil LC C-18 Column.  

Compound Elution time (min) 

Glyceraldehyde-DNPH 3.0 
Glycolaldehyde-DNPH 3.4 
Formaldehyde-DNPH 4.16 ± 0.3 
Glyoxal-diDNPH 7.623 ± 0.7  
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experimental supernatants yielded useful information on the chemistry of the formaldehyde decomposition products (Fig. 6 and 7). 
Both IR spectra indicated the presence of C–OH, CH3, and CH2 functional groups. The IR spectra of the precipitated solids obtained 
after sorption onto STx-1 revealed the presence of a vibrational band associated with C–O stretching, in contrast, the IR spectra of the 
sample exposed to SWy-2 exhibited bands associated with the C–OH stretching of secondary alcohols. These results indicated that the 
precipitated solids from both samples were primarily composed of a mixture of molecules containing R–OH and C–O–C functional 
groups. Raman spectroscopy and ESI analysis were conducted to further investigate the structure of these compounds. 

Fig. 14. IR spectra of the SWy-2 and STx-1 clay samples after sorption. Red circles indicate changes in the IR spectra compared to the original 
standards (black line). a) 4000–2000 cm− 1 region of the SWy-2 sample. b) 2000–650 cm− 1 region of the SWy-2 sample. c) 4000–2000 cm− 1 region 
of the STx-1 sample. d) 2000–650 cm− 1 region of the STx-1 sample. 

Fig. 15. Remaining phosphate in solution after sorption with SWy-2 and STx-1 clays.  
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The Raman spectra of the samples exhibited notable differences compared to the paraformaldehyde standard used for sample 
preparation (Figs. 8 and 9); specifically, they contained evidence of vibrational bands associated with the vibrational modes of C–C–O, 
C–O C, C=O, C–C–C, and C–H bonds. By analyzing the Raman spectra of commercial analytical grade D-Glucose (Fig. 15 and 16), we 
attributed the detected vibrational bands to the presence of glucose isomers such as α or β-glucose (Fig. 16a and c) [45]. The vibrational 
bands between 910 and 848 cm− 1 (Fig. 16b) are often associated with glucose isomers. Most of the bands associated with the 
vibrational modes of glucose functional groups are present in the precipitated solids of both samples (Fig. 17). In the 1600-1200 cm− 1 

region (Fig. 17a), the CH2, δ(O–C–H), δ(C–C–H), and υ(C–O) stretching modes exhibited similar spectra profiles and wavenumber 
values to the glucose standard as well as to values reported in the literature [45]. Bands at 848 and 916 cm− 1 (Fig. 17b) are commonly 
associated with υ(C–C) and δ(C1–H1) vibrations in α-glucose, while these bands are shifted to 868 and 916 cm− 1 for β-glucose [45]. A 
shift from 848 cm− 1 to 865 cm− 1 was observed in both precipitates, consistent with the υ(C–C) vibration of β-glucose. However, the 
vibration band associated with the υ(C–H) vibration (894 cm− 1) was notably absent, suggesting that the precipitated solids were 
neither α- nor β-glucose, but instead a complex mixture of sugar-like cyclic and linear polyalcohols and ethers with chemical structures 
similar to those of glucose. This was further supported by the absence of the endocyclic δ(C–C–O) vibration at 450 cm− 1 (Fig. 17c), 
implying the presence of linear pentoses and hexoses in the sample. The lack of this band, as well as the low intensity of the vibration 
bands in the 1200–1000 cm− 1 region, where the signals of the δ(C–O–C) angle bending mode typically appear, further suggests the 

Fig. 16. The Raman spectrum of glucose standards. a) 1500–1225 cm− 1 region; b) 1200–800 cm− 1 region; c) 800–150 cm− 1 region.  
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absence of cyclic sugar-like compounds. 
A new band at approximately 975 cm− 1 appeared after sorption (Fig. 18). This band was not present in the Raman spectrum of 

formaldehyde before sorption but was observed in the α-D-glucose 1-phosphate spectrum. This band was thus identified as being 
associated with the antisymmetric C–O–P stretching vibration of phosphorylated organic compounds [32,33]. An analysis of the IR 
spectrum of the samples revealed more information about the nature of the phosphate groups present in the experimental samples. As 
previously mentioned, diagnostic phosphate peaks typically appear between 1300 and 800 cm− 1 [31]. These peaks are shown in a 
non-aqueous physical mixture of glucose with disodium hydrogen phosphate heptahydrate, where the unreacted phosphate peak 
values are shown (Fig. 19b). The spectrum of disodium hydrogen phosphate heptahydrate (Fig. 19c) highlights the presence of 
monoprotonated phosphate (HPO4

2− ) at 1050 and 869 cm− 1, which can also be found in the SWy-2 and STx-1 organic precipitates 
(Fig. 19d and e). These bands were shifted to higher (1088 cm− 1) and lower (845 cm− 1) values, respectively, compared to the vibration 
bands present in the α-D-glucose 1-phosphate spectrum (Fig. 19a), which also exhibited a band of 930 cm− 1, associated with a separate 
phosphate vibration mode. The absence of the 930 cm− 1 signal in the pure disodium hydrogen phosphate heptahydrate spectrum 

Fig. 17. Raman spectrum of precipitated solids after sorption with SWy-2 and STx-1 clays. a) 1600–1200 cm− 1 region; b) 1200–800 cm− 1 region; c) 
800–150 cm− 1 region. 
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suggests this is a vibration band unique to organically bound phosphate. Organophosphate bands could also be observed in the SWy-2 
and STx-1 organic precipitates, indicating that these samples likely contained some amount of phosphorylated compounds as well as a 
significant quantity of unreacted disodium phosphate. The exact structure of these compounds is unknown; however, we can assume 
that they are composed of a mixture of both linear and cyclic sugar-like compounds based on the Raman analysis. If 
phosphorus-containing compounds were indeed formed, this suggests that the decrease in the dissolved phosphate concentration was 
due to phosphorylation reactions (Fig. 15). In this case, the maximum concentration in solution would have been 3 × 10− 3 and 8 ×
10− 3 mol L− 1 for the SWy-2 and STx-1 clays, respectively. It should also be assumed that not all of the available phosphate would have 
reacted with the available organic material, as some of it could have been sorbed by the clays. However, the spectroscopic analysis of 
the clay samples did not reveal the presence of any phosphate groups bound to the mineral surface, suggesting that most of the 
phosphate must have reacted with the available organic compounds in solution. 

As a complementary analysis, possible phosphorylated compounds in the experimental samples were identified using HPLC-RI 
(refraction index) and 31P NMR. The chromatogram of the supernatants from the experimental samples after 336 h of sorption 
with SWy-2 and STx-1 clays (Fig. 20c and d, respectively). Two different compounds with a retention time of 8.5 and 10.1 min were 
identified: the retention time of the first compound matched that of α-D-glucose phosphate, a phosphorylated standard (Fig. 20a), 
indicating that this compound was a phosphorylated molecule with chemical characteristics that closely resembled that of this 
standard. This analysis also confirmed the presence of remnant HPO4

2− (Fig. 20b) that had been previously detected by IR spectroscopy. 
When a 1:1 mixture of the phosphorylated standard and the experimental samples was analyzed through co-injection (Fig. 20e and f), 
the intensity of the compound increased, while its peak shape and retention time remained constant for both clay samples. 31P Nuclear 
magnetic resonance (31P NMR) of the precipitated organic solids (Fig. 21) confirms the presence of one phosphorylated compound in 
each sample analyzed by this technique. The chemical shifts at 2.5 (Figs. 21a) and 2.2 (Fig. 21b) ppm suggests that the phosphorylated 
compound detected could be a phosphate ester [46–49]. 

Electrospray ionization was used on the supernatants obtained from the SWy-2 (Fig. 11) and STX-1 (Fig. 12) samples to correctly 
determine the molecular weight and likely chemical formula of the decomposition products. Both chromatograms revealed the 
presence of two different compounds with retention times of 9.21 and 16.35 min. The product ion mass spectrum of [M − H]- (derived 
from formaldehyde) for each chromatographic peak revealed a rather complex ion spectrum. The analysis of the sugars and sugar-like 
compounds using negative ion ionization modes revealed a significant amount of fragmentation products [50]. Monosaccharides and 
oligosaccharides tend to fragment when analyzed without derivatization [51]. IR and Raman spectra show that the main functional 
groups of the decomposition products are C–O–C, C–OH, C–C, C=O, and C=C. Consequently, we can infer that the product ion mass 
spectrum is composed primarily of polyethers and polyalcohols with similar polarities that are not easily separated using silica-bonded 
NH2 HPLC columns, as well as the fragmentation products of large linear or cyclic sugar-like molecules. 

The most abundant ions [M − H]- detected at 9.2 and 16.3 min in the SWy-2 and STx-1 samples, as well as their proposed chemical 
formulas, are presented in Tables 10 and 11, respectively. It should be noted that the proposed chemical formulas are not definitive, as 
the complex nature of the samples as well as the presence of multiple isomers means that the m/z of the observed ions can be described 
by more than one chemical formula. When analyzed by electrospray ionization in negative mode, sugars (monosaccharides and 
polysaccharides) fragment into ions that are characterized by the loss of H2O (m/z 18) and CH2O (m/z 30) [50–52]. Consequently, we 

Fig. 18. Comparison between Raman spectra in the 1125–800 cm− 1 region, in which the vibrational band characteristic of υ(C–O–P) appears.  
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can assume similar fragmentation patterns and chemical behavior in sugar-like compounds (including both cyclic and linear mole
cules) as they are isomers of sugars. We propose that the ions at m/z 371 and 185, which were detected in both samples at 16.3 min, are 
the result of the loss of H2O and CH2O from C13H26O13. m/z 371 corresponds to the loss of a single H2O fragment, while m/z 185 
corresponds to the loss of two CH2O fragments and one H2O fragment. The ion at m/z 233 could be a fragment resulting from the loss of 
two H2O fragments from C9H18O9. These ions eluted at high retention times, suggesting that they are the products of cyclic or linear 
sugar-like compounds of high molecular weight since it is well-known that monosaccharides are rapidly eluted in silica-bonded NH2 
columns [53]. Ions with m/z < 340 could be the products of several different polyalcohol or polyether compounds (i.e., CHO com
pounds). These compounds are expected to elute first as they are not strongly retained in NH2 columns and are thus more abundant at 
lower retention times. 

HPLC-UV analysis revealed the presence of both glycolaldehyde (C2H4O2) and glyoxal (C2H2O2) in solution after sorption onto both 
clay species. Both molecules were present in relatively low concentrations (compared to formaldehyde) after the minimum amount of 
sorption time (60 min); a sharp increase in concentration was observed after 336 h. The detection of both aldehydes suggests that the 
main mechanism by which these sugar-like and CHO compounds were formed could be base-catalyzed aldol condensation [54] via 

Fig. 19. IR spectra (1200–750 cm− 1 region) of precipitated organic solids after sorption. a) IR spectra of α-D-glucose 1-phosphate. b) IR spectra of 
the homogenized mixture. c) IR spectra of disodium phosphate heptahydrate. d) IR spectra of precipitated organic solid after sorption onto SWy-2 
clay. e) IR spectra of precipitated organic solid after sorption onto STx-1. 
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formaldehyde polymerization. Indeed, glycolaldehyde has been characterized as an important intermediary in this type of reaction 
[55]; consequently, its detection in the experimental samples supports aldol condensation as the primary mechanism by which CHO 
compounds are formed. Glycoaldehyde (and other aldehyde intermediates) is initially produced by formaldehyde polymerization 
(Fig. 13a and b) and consumed until almost all of the initial formaldehyde is transformed into CHO and sugar-like compounds (Fig. 13c 
and d). Although glycolaldehyde is principally an intermediary, it remains in solution due to its stability; furthermore, its resonant 
form, glyoxal, reduces its reactivity to enol addition. The detailed mechanisms of the aldol condensation reaction can be found in 
multiple studies [6,34,36,43]. Scheme 1 presents a theoretical reaction mechanism through which sugar compounds could form in this 
experimental system under these conditions. In this proposed scheme, formaldehyde condenses into glycolaldehyde which subse
quently condenses into glyceraldehyde. The keto-enol equilibrium favors retro-aldol condensation, resulting in the formation of sugar 
molecules: the sugar-like compounds observed in this study could have followed a similar formation pathway. In addition, the alkaline 
conditions could have catalyzed the condensation of formaldehyde-diol (CH2(OH)2) into the CHO compounds [56] as shown in 
Scheme 2. 

Fig. 20. HPLC chromatogram of phosphorylated compounds. a) α-D-glucose 1-phosphate. b) Na2HPO4 7H2O salt. c) Supernatant of samples after 
sorption onto SWy-2. d) Supernatant of samples after sorption onto STx-1. e) Co-injection of phosphorylated standard (α-D-glucose 1-phosphate) 
with supernatant of samples after sorption onto SWy-2. f) Co-injection of phosphorylated standard (α-D-glucose 1-phosphate) with supernatant 
of samples after sorption onto STx-1. 
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4.1. Implications for prebiotic chemistry 

The analysis of the decomposition products of formaldehyde at pH 9.13, 298 K, and in solution with Na+, Cl− , HPO4
2− rich waters 

with no dissolved O2 revealed that the primarily chemical species formed are composed of CHO-containing compounds and sugar-like 
molecules. The rate of formation of these compounds is slow, requiring up to 24 h to synthesize detectable organic compounds. After 
60 min of sorption, the remnant formaldehyde in solution is approximately 50 %. Following this initial period, the decomposition rate 
slows significantly, reaching a maximum of 90 % at 336 h. Reactions in the presence of SWy-2 and STx-1 clay resulted in the same 
products. There was no discernible difference between the reaction products formed across the different clay species; this was expected 

Fig. 21. 31P NMR spectra of precipitated organic solids after sorption with a) SWy-2 clay and b) STx-1 clay. A single phosphate peak in each sample 
is located at 2.5 and 2.2 ppm, which are associated with the presence of a single phosphate ester in the precipitated organic solids. 

Table 10 
m/z of the most abundant ions in the samples sorbed onto SWy-2 clays.  

RT 9.2 min RT 16.35 min 

Observed m/z ([M −
H]-) 

Molecular weight (g 
mol− 1) 

Probable chemical 
formula 

Observed m/z ([M −
H]-) 

Molecular weight (g 
mol− 1) 

Probable chemical 
formula 

255 256 C9H20O8 75 76 C3H8O2 

265 266 C12H26O6 193 194 C7H14O6 

325 326 C14H30O8 371 372 C13H24O12 

339 340 C15H32O8     
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as both clays possessed similar chemical compositions. 
Although the type of clay did not influence the type of CHO compounds and sugar-like molecules formed in the simulated saline 

waters, it did affect the speed of formation of these chemical species. Fig. 22 shows the detection of sugar-like compounds by HPLC- 
ELSD on the experimental samples. When a solution of formaldehyde and saline water was left to react without clays, no chemical 
species were detected (Fig. 22a). In contrast, sugar-like compounds were detected when formaldehyde was dissolved in MiliQ grade 
water and allowed to adsorb onto the SWy-2 and STx-1 clays (Fig. 22b and c). Additional sugar-like and CHO chemical species were 
observed when clay was added to the system (Fig. 22d and e). This data suggests that the clays and the dissolved ions in solution act as 
catalysts for aldol condensation reactions. Under alkaline conditions, both the OH− ion and the R–OH mineral groups can act as 
catalysts for formaldehyde by deprotonating the α-carbon and favoring the condensation of formaldehyde units. Divalent cations can 
also act as catalysts [43]. The combination of both divalent cations (Ca2+, Mg2+) and the hydroxyl groups on the mineral surfaces of 
the clays would thus have catalyzed aldol condensation reactions. The apparent sorption of organics onto the SWy-2 clays (and lack 
thereof, in the case of STx-1) suggests that hydroxy groups catalyze the condensation reaction when formaldehyde binds to SWy-2 clay. 
Since STx-1 is slightly richer in divalent cations, condensation could have occurred in the aqueous medium. However, it is important to 
note that although aldol condensation reactions could have occurred, the formation of biologically relevant sugars, such as ribose or 
pentose, was not detected. None of the ions observed in the ESI-MS spectra were associated with the known m/z of biologically relevant 
sugars (e.g., 149 and 179). This is because the formation of ribose and glucose by aldol condensation reactions requires extremely high 
initial concentrations of formaldehyde as well as high-temperature conditions. Even then, without the presence of specific mineral 
phases—such as borate and molybdate (which inhibit the retro-aldol degradation of formed sugars [6])— these important bio
molecules are unlikely to accumulate in an experimental system. Consequently, the formation and accumulation of ribose and pentose 
seems unlikely in our laboratory-based simulated ancient saline water samples, especially when clays as the only mineral phase 

Table 11 
m/z of the most abundant ions in the samples sorbed onto STx-1 clays.  

RT 9.2 min RT 16.04 min 

Observed m/z ([M −
H]-) 

Molecular weight (g 
mol− 1) 

Probable chemical 
formula 

Observed m/z ([M −
H]-) 

Molecular weight (g 
mol− 1) 

Probable chemical 
formula 

255 256 C9H20O8 75 76 C3H8O2 

325 326 C14H30O8 175 176 C7H12O5    

233 234 C9H14O7    

371 372 C13H24O12  

Scheme 1. Formation of sugar-like compounds.  

Scheme 2. Formation of CHO compounds.  
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present. 
Our theoretical calculations show that HPO4

2− is freely available to react in the system. When the pCO2 values increase to levels 
proposed for the early Earth, the phosphate ion is capable of accumulating in ancient saline lakes that have physicochemical char
acteristics similar to those found in our simulated system. The spectroscopic and chromatographic analysis of the samples suggests that 
phosphorylated organic compounds could have formed in this experimental system. However, the mechanism behind their formation 
remains elusive. Previous studies have suggested that systems with low water activity (aw < 1) may drive the phosphorylation of 
organic compounds [15,57,58]. aw diminishes when solute concentrations increase [59]. When a mixture of salts is present, the total 
loss of aw in the system is equal to the sum of the loss of water activity that can be attributed to each solute in the system [60]. Our 
experimental system contains multiple solutes (e.g., Na+, Mg2+, Cl− , SO4

2− , HPO4
2− and CH2O), with the most highly concentrated 

solutes being Na+ (0.12 mol L− 1) and CH2O (1.5. mol L− 1) [61]. reported that solutions with Na and organic solutes (sucrose/D-
glucose) at concentrations close to those reported in our system result in aw values of 0.997 and 0.975, respectively. Consequently, our 
system is expected to have an aw value of <1, which could be the main factor that drives phosphorylation in early Archean waters. 
Alternatively, water evaporation could be the main driver of phosphorylation. As water is removed from the system, the equilibrium of 
the phosphorylation reactions is displaced towards its products in response to the removal of water. Water evaporation could occur in 

Fig. 22. HPLC chromatogram of sample supernatants analyzed after sorption onto SWy-2 and STx-1 clays. a) Formaldehyde in saline water after 
336 h. b) Formaldehyde dissolved in MiliQ water after sorption onto SWy-2. c) Formaldehyde dissolved in MiliQ water after sorption onto STx-1. d) 
Formaldehyde dissolved in saline water after sorption onto SWy-2. e) Formaldehyde dissolved in saline water after sorption onto STx-1. The 
compound at a retention time of 5 min represents an impurity present in MiliQ water. 
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saline lakes, as their hydrological regime is dependent on cycles of evaporation and precipitation [38]. If phosphorylation reactions are 
truly occurring in our system, this would suggest that ancient saline lakes could not only be environments in which phosphate could 
have accumulated but also systems in which the high solute concentration would have driven the sequestration of available phosphate 
by organic compounds, if any were available. 

5. Conclusion 

The condensation of formaldehyde under alkaline conditions is often considered to be a “messy” system as it results in the for
mation of a wide variety of sugars and sugar isomers. It is also affected by several factors, including temperature, the presence of 
specific mineral phases, solute concentrations, and pH [55]. Our work shows that the following phenomena occur in a system that 
closely resembles the physicochemical conditions that can be encountered in a natural ancient environment (i.e., an alkaline saline 
lake).  

1. Formaldehyde readily decomposes in the presence of Ca and Na montmorillonite into sugar-like and CHO-containing compounds 
that are formed by base-catalyzed aldol reactions and formaldehyde-methanediol condensation, respectively.  

2. The complex nature of the aldol condensation reactions does not allow for the formation of sugars of biological importance (e.g., 
ribose, glucose) under these experimental conditions. Although clays could catalyze the decomposition and condensation of 
formaldehyde, they do not allow for the “chemical selection” of those sugars. Consequently, in a theoretical, primitive environment 
whose characteristics match those of the proposed experimental system, sugar formation and accumulation appear to be unlikely.  

3. Our analysis (31P NMR, Raman spectroscopy, IR spectroscopy and HPLC) suggests that phosphorylation reactions could have 
occurred in ancient saline lakes. These reactions could have occurred due to the low aw of the environment (due to high salinity), 
water evaporation, or both.  

4. Lake Alchichica can be considered an analog of ancient saline lakes as its chemical and mineralogical composition allows for the 
accumulation of phosphate, especially at atmospheric and temperature conditions that match those associated with the early 
Archean (3.8 Ga). Saline and soda lakes are interesting and novel environments in which prebiotic reactions could have occurred in 
the early Earth. 
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