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Abstract: Cyanide is a crucial reagent for the synthesis of biomolecules in prebiotic chem-
istry. However, effective organic synthesis requires cyanide to be concentrated. One
proposed mechanism for cyanide storage and concentration on Early Earth involves the
formation of aqueous ferrocyanide complexes. In basic pH conditions, cyanide will sponta-
neously form ferrocyanide complexes in the presence of aqueous Fe(Il). While ferrocyanide
aqueous complex formation is well defined, the potential for Fe(II)-bearing minerals to react
with cyanide to form ferrocyanide complexes or store cyanide on the mineral surface has
yet to be explored under prebiotically relevant conditions. In this study, we demonstrate
that when cyanide interacts with ferroan brucite (MgyFe;_x(OH),), cyanide will both form
aqueous and mineral-surface-adsorbed ferrocyanide implying that there are two reservoirs
that cyanide will partition into. In addition, we found that cyanide decreased the amount
of hydrogen gas produced by the oxidation of ferroan brucite, indicating that cyanide alters
the mineral’s redox reactivity. The cyanide adsorbed on brucite can be released by a de-
crease in pH, which leads to the dissolution of ferroan brucite, thus releasing the adsorbed
cyanide. Our findings suggest that iron-bearing minerals may represent an overlooked
storage reservoir of cyanide on Hadean Earth, potentially playing a significant role in
cyanide availability for prebiotic chemistry.
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1. Introduction

Cyanide is a strong nucleophile and a key reactant for many prebiotically relevant
reactions for the synthesis of molecules required for life as we know it. These include Strecker
synthesis for amino acids, Oro’s synthesis for nucleobases, and Eschenmoser synthesis for
ribose-like sugars [1-3]. Modeling studies of prebiotic reaction networks have shown that
the reaction of cyanide with copper, phosphorus, and hydrogen sulfide can synthesize the
precursors of RNA, proteins, and lipids [4,5]. There were likely several sources of cyanide
in the Hadean which include (i) cyanide formed in the interstellar medium delivered to
Earth [6-8], (ii) formation of cyanide on Earth by electric discharge [9-11], and (iii) post-impact
UV photochemistry [12-15], as well as (iv) the possibility of cyanide formed in submarine
hydrothermal systems [16,17].

The simple presence of hydrogen cyanide (HCN) is not enough to drive prebiotic chem-
istry; it must be present at high enough concentrations. Experimental work on prebiotic
reactions with HCN has used concentrations ranging from 125 uM HCN for making sugar
precursors with the cyanocuprate redox cycle to 10 mM HCN for polymerization to IM HCN
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in the prebiotic network that forms RNA, protein, and lipid precursors [4,18-20]. At low
HCN concentrations, we must also contend with the decay of HCN to formamide [21]. Thus,
mechanisms for cyanide to be concentrated and stored are beneficial for prebiotic chemistry.

The formation of ferrocyanide has been proposed as a potential concentration mech-
anism for aqueous cyanide [22]. Cyanide, when in the presence of ferrous iron ions,
spontaneously forms ferrocyanide [Fe(CN)g]*~ complexes [23]:

Fe?* + 6CN~ = [Fe(CN)g]* ", Keq = 2.5 x 10% at 25 °C (1)

Because of the favorability of ferrocyanide complex formation under Earth surface
conditions and the likely ferruginous ocean, ferrocyanide was likely abundant [24]. In this
scenario, the majority of cyanide that dissolves in from the atmosphere would immediately
be complexed into ferrocyanide. This implies that the ocean may have been a significant
reservoir of ferrocyanide. One major inhibitor of ferrocyanide formation is the competition
between ferrous iron and formaldehyde in reactions with cyanide. When formaldehyde
is in excess of hydrogen cyanide, ferrocyanide will not form except in alkaline pH above
9 [25]. Formaldehyde forms spontaneously with UV light from water and CO, [26]. In
neutral and acidic solutions, the reaction proceeds unless cyanide is physically separated
from formaldehyde [22].

The influence of iron-bearing rocks and minerals on ferrocyanide formation has not
been thoroughly investigated. During the Hadean, the crust was primarily mafic and
ultramafic, and the hydration and oxidation of these rocks (aka “serpentinization”) were
thought to be widespread [27]. Mafic and ultramafic rocks contain a wide variety of iron-
bearing minerals (e.g., olivine, pyroxene, magnetite, and brucite) that can dissolve and
provide aqueous Fe(Il) for ferrocyanide formation. The buffered water chemistry within
serpentinites is alkaline and contains Fe(II) at micromolar to millimolar concentrations. The
high pH is favorable for both ferrocyanide formation and stability, and thus ferrocyanide
formation may be expected as water/rock reactions proceed [23,28].

Patel et al. (2015) hypothesized that ferrocyanide could be further accumulated as
ferrocyanide salts that form from wet-dry cycles in closed basin lakes [4]. Toner and Catling
(2019) have expanded on this and shown through modeling that sodium ferrocyanide salts
could have accumulated in closed-basin lakes across a wide variety of conditions [29].
However, exposure to UV light leads to the photodecomposition of ferrocyanide [30,31].
Because of the greater flux of near-UV radiation during the Hadean, it is possible that any
ferrocyanide on the Earth’s surface would undergo this photodecomposition [32]. Thus, it is
possible that due to the UV radiation exposure in a closed-basin lake system, ferrocyanide
will not be able to accumulate. In contrast, subsurface serpentinites are shielded from
photochemistry, and through Fe(Il) complexation as well as Fe(II) mineral adsorption, may
be able to store a significant amount of iron—cyanide complexes. Thus, we propose that
subsurface-serpentinizing environments would be an ideal locale for cyanide concentration
and storage.

We focus specifically on the interaction between cyanide and ferroan brucite
(MgxFe;_x(OH),), a mineral found in partially serpentinized rocks commonly associ-
ated with olivine and serpentine veins [33,34]. Ferroan brucite is formed under low silica
conditions by an incomplete conversion of olivine to serpentine. Brucite is a significant
ferrous iron reservoir, with the Mg/Fe molar ratio ranging from 0.95 to 0.65 [34-36]. Ther-
modynamic modeling has shown that ferrous iron preferentially partitions into brucite at
temperatures below 200 °C [37]. This work assesses the feasibility for ferroan brucite to act
as a cyanide reservoir on Early Earth by measuring ferrocyanide complex formation and
the impact of cyanide complex formation on hydrogen gas generation by the reaction of
(MgyFe;_«)(OH); in anoxic water.
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2. Materials and Methods

MggsFes4(OH), brucite was prepared in single batch in a Coy Chamber with an N, /H;
atmosphere by the slow addition of 14 mM or 140 mM NaOH to a 12 mM or 120 mM
0.66 Mg(1I)/0.34 Fe(Il) metal solution in a 1:1 ratio. 0.5 M NaOH was then used to adjust to
the pH listed in Table 1 [38—40]. Brucite was allowed to equilibrate in the Coy Chamber
for 4 h before usage. Then, 39 mL of the 60 mM prepared brucite solution was added to
60 mL serum vials and sealed with a blue butyl stopper. Cyanide from a stock solution
and pH 10 water were added to attain the final concentrations of 10 mM, 5 mM, or 0 mM
to obtain a total volume of 40 mL for each sample. Samples were flushed with N gas to
replace the headspace with an anaerobic atmosphere and then reacted in a 70 °C oven. To
prevent any UV driven reactions, all serum vials were wrapped in foil. All glassware was
washed with Citranox, soaked in an acid bath, and then rinsed with ultrapure water before
use. We do note a significant decrease in pH across all experiments that we attribute to the
continued hydrolysis of the 0.66 Mg(II)/0.34 Fe(II) metal mix; thus, we now recommend
that precipitated ferroan brucite be left to equilibrate for two days and be washed with
pH-adjusted water to remove excess salts before usage.

Table 1. The initial and final pH measurements for the three cyanide addition experiments. Ferro-
cyanide was detected in the 6 mM brucite experiments with 10 mM and 5 mM cyanide, with no
ferrocyanide detected in the 0 mM cyanide control. Because cyanide is the limiting reagent in all
experimental conditions tested, the theoretical maximum ferrocyanide was calculated by assuming
all of the cyanide added would be complexed to form ferrocyanide.

[Brucitel] M)~ [CN-1(mM)  Initial pH  FimalpH g;;:lgfegm Tl};‘éfgtl‘\f)?] i\f*’(’r‘r‘l‘&‘)‘m

6 mM 10 10.09 8.69 - 0.05 1.06 £ 010 167
6 mM 5 10.09 7.95 + 0.06 0.24 + 0.05 0.83
6 mM 0 10.09 7.41 % 0.10 0 0

6 mM 10 1126 10.12 & 0.02 0.29 4 0.01 1.67
6 mM 5 11.26 9.97 + 1.29 0.19 + 0.01 0.83
6 mM 0 11.26 9.64 1 0.07 0 0

60 mM 10 10.00 8.40 + 0.09 0 1.67
60 mM 5 10.00 8.36 + 0.04 0 0.83
60 mM 0 10.00 8.29 + 0.02 0 0

Initial headspace gas composition measurements were made on each sample prior
to cyanide addition. Hydrogen gas concentrations from the samples’ headspace were
quantified on an SRI 8610 gas chromatograph (GC) using a 2 mm by 1 mm ED micropacked
ShinCarbon ST column for separation with a thermal conductivity detector (TCD) and
flame ionization detector (FID). An argon carrier gas was used at 12 psi. The temperature
profile started at 50 °C for 3 min and then was increased to and held at 250 °C for 12 min.
Calibrations were made using 1% standard gas mix (H,/CO/CO,/CHy) and 100 ppm
H, gas from Supleco Analytical. The detection limit, determined from the total number
of moles in the lowest standard concentration measured for the calibration curve, was
~5 nmol Hj gas.

After this initial headspace gas measurement, cyanide was added to samples until the
targeted initial concentration was reached. Cyanide was added from pH 10 adjusted stock
in the anaerobic chamber, and the total volume of each condition was kept constant with
the addition of the NaOH solution. Samples were stored and reacted in a 70 °C oven.

Ferrocyanide concentrations were measured on a GENESYS 50 UV-VIS spectropho-
tometer. Samples were filtered with a 0.2 pm sterile membrane filter to remove any mineral
particulates, and samples were diluted if necessary to be within the 0.01 mM and 0.1 mM
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detection range. All spectra were processed in Origin Pro. Mineral characterization was
completed on a Horiba LabRAM HR Evolution Spectrometer with a 100 mW 532 nm
frequency-doubled Nd:YAG laser at 1%-10% power. Due to the age of the laser, the
laser was functioning at approximately ~6 mW. The power was varied per sample for
adequate signal/noise. Data were processed in LabSpec and plotted in R. Compound
identification was carried out by comparing spectra collected from prepared standards.
Mineral slurry from the experiments were first centrifuged to discard the aqueous fraction.
The mineral fraction was dried anaerobically in the Coy Chamber to prepare for Raman
spectroscopy analysis.

3. Results

The goal of these experiments was to test how cyanide would change in speciation
when interacting with ferroan brucite. We hypothesized that cyanide would strongly
bind with the Fe(II) in the ferroan brucite structure and liberate it to form aqueous ferro-
cyanide complexes. Thus, our first measurement was to quantify the amount of aqueous
ferrocyanide detected in a solution and compare it to the theoretical maximum value of
ferrocyanide, given the total amount of Fe(Il) in the system. In each condition, there was
excess Fe(II) compared to [CN™]. We measured both pH and aqueous ferrocyanide concen-
trations in each sample reported in Table 1. Each condition had three replicates which were
averaged, with the standard deviation reported. The initial pH of each experiment was
pH 10 or 11.26, and a decrease in pH, ranging from 1.14 to 2.68 pH units, was measured at
the end of the experiments.

In both 6 mM brucite experiments (10 mM [CN™] and 5 mM [CN~] addition), aqueous
ferrocyanide was detected and quantified with UV-VIS measurements. Ferrocyanide was
detected in all the 10 mM and 5 mM CN replicates, and no ferrocyanide was detected in the
0 mM [CN™] control. A plot of pH versus aqueous ferrocyanide concentration is shown
in Figure 1, and measured concentrations of ferrocyanide are listed in Table 1. Compared
to the theoretical maximum, there is less ferrocyanide measured in the solution than
would be anticipated if all the cyanide formed a ferrocyanide complex and was released
by the mineral into the aqueous phase. In contrast to the 6 mM brucite experiments, no
ferrocyanide was detected in 60 mM brucite experiments conducted at pH 10.00. To test
if there was [CN™ ] remaining in solution, we added excess Fe(Il)(,q) to an aliquot of each
sample to look for ferrocyanide complex formation, but ferrocyanide was still not detected
in the aqueous phase. Both results indicate that there is another sink for [CN™].

Headspace hydrogen gas was measured for all experiments, but only the 60 mM
brucite experiments reacted with 0 to 10 mM CN~ had data that were above detection limit.
For the 60 mM Brucite experiments, hydrogen gas was measured pre-cyanide addition and
then post-cyanide addition after 74 days of reaction in a 70 °C oven. These data, shown
in Figure 2, shows that the addition of cyanide leads to less hydrogen gas production per
mmol Fe in the brucite.

Raman spectra of dried mineral powders from the 60 mM brucite reacted with cyanide
experiments are compared against reference spectra of ferroan brucite dried down with
ferrocyanide. For additional comparison, a solid potassium ferricyanide standard was also
measured (Figure 3). Multiple spectra were collected per sample, and a representative spec-
trum is plotted in Figure 3. We found that the cyanide was not homogenously distributed
on the mineral surface, and so we had variable signal to noise for each spot analyzed, with
some locations yielding no discernable nitrile peak.



Minerals 2025, 15, 141

50f12

1.2 ‘
.09 % '
= e
g 4
) !l :
2 06 S o 5mM [CN]
S S o 10 mM [CN7
[&]
o
£
(]
L 0.3 %
fed
0.0
8.0 8.5 9.0 9.5 10
Final pH

Figure 1. Average ferrocyanide concentration produced in experiments where 10 mM and 5 mM
of CN was reacted with 6 mM brucite. The highest ferrocyanide concentration (1.06 + 0.10 mM)
occurred in the 6 mM brucite and 10 mM cyanide experiment, with an initial pH of 10.09 and final
pH of 8.69.
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Figure 2. The amount of hydrogen gas produced per mmol of Fe available in brucite as a function
of the amount of cyanide added to the system. Each point represents the average hydrogen gas
production for the combined replicates, and the error bars represent one standard deviation.

The ferrocyanide/Fe brucite standard had peaks at 2066 cm ! /2098 cm !, which are in
good agreement with the reported ferrocyanide,q) Raman peaks at 2058 em~1/2095 cm 1 [41].
When comparing our 10 mM CN™ and 5 mM CN™ added to ferroan brucite experiments, we
measure peaks at 2081 cm~!/2119 cm !, which, when compared to the reported aqueous
standard, is a linear blue shift of 23 cm~!/24 cm ! and does not correlate with the potassium
ferricyanide peaks. This blue shift in the characteristic ferrocyanide peaks is a reported result
of ferrocyanide adsorption onto a surface [41-45]. Therefore, we conclude that when cyanide
is added to ferroan brucite, we form adsorbed ferrocyanide complexes on the mineral surface.
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Figure 3. The Raman spectra of filtered and anaerobically dried mineral powders. The ferro-
cyanide + Fe Brucite standard was obtained by mixing the ferroan brucite slurry with aqueous
standard potassium ferrocyanide and drying the mineral powder the same way that the experi-
mental samples were dried. The top two spectra were from dried down samples of 60 mM ferroan
brucite reacted with 5 and 10 mM cyanide. The bottom spectrum is of a solid potassium ferricyanide
standard to show the contrast to ferrocyanide complexes. All spectra are normalized within the
2000-2200 cm ™! range.

4. Discussion

The goal of these experiments was to determine if the addition of cyanide to a dis-
persion containing ferroan brucite would lead to ferrocyanide complex formation, since
only scenarios that consider aqueous complexation between cyanide and Fe(Il),q) have
been previously considered. We hypothesized that cyanide, through ligand-enhanced
dissolution, could liberate mineral Fe(Il)(y,) (denoted with the subscript m) by forming
a ferrocyanide complex that is then liberated from the mineral structure, leading to the
formation of [Fe(CN)6]4’(aq). This process would liberate Fe(Il) ) to Fe(Il)(5q) in the form
of ferrocyanide complexes. The ligand-enhanced dissolution of magnesium from ultra-
mafic rocks in alkaline conditions has been demonstrated with catechol, citrate, EDTA, and
tiron [46]. Ligand-enhanced dissolution for brucite has been speculated in the literature
previously, though not specifically with cyanide [47,48].

In the 6 mM brucite experiments, some aqueous ferrocyanide was detected. However,
the yield for ferrocyanide was much lower than anticipated, with the highest yield occurring
in experiments with an initial 10 mM of [CN™] that reached a final pH of 8.69.

Because all experimental conditions had excess moles of Fe(II) compared to [CN™]
and the complexation is so strong, as shown in Equation (1), if ligand-enhanced brucite
dissolution was occurring, all the cyanide should be accounted for in aqueous ferrocyanide.
While some aqueous ferrocyanide was detected in the 6 mM brucite experiments, the
yield for ferrocyanide was much lower than anticipated, with the highest yield occurring
in experiments with an initial 10 mM of [CN™] that reached a final pH of 8.69. We also
observed a significant decrease in pH across all experiments. This implies that (1) there is
another factor that controls aqueous ferrocyanide formation and (2) cyanide does not lead
to ligand-enhanced dissolution.
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To that first point, we propose that pH is the major factor controlling aqueous ferro-
cyanide formation. Higher pH is favorable for both aqueous cyanide availability (pKa 9.2)
and ferrocyanide complex formation and stability. For experiments near pH 9, there exists a
balance of [CN™] available from HCN deprotonation and Fe(Il)5q) available due to brucite
solubility. Under this condition, more aqueous cyanide and iron are available to form
ferrocyanide, and the ferrocyanide forms a stable complex. If the pH is too low, [CN™] will
not be available in the aqueous phase for ferrocyanide formation. On the other hand, Fe(II)
availability is favored by acidic pH conditions, whereas ferroan brucite is insoluble at high
pH [47].

A predominance diagram for aqueous cyanide speciation as a function of pH illustrates
the pH dependence (Figure 4) [49]. This diagram shows the pH and HCN concentrations
where HCN, CN~, and ferrocyanide are the dominant species at standard temperature
and pressure. Fe(Il) activity was set to 0.02 M to represent the total Fe(II) portion of the
60 mM ferroan brucite experiment. From this, it is apparent that ferrocyanide formation
is favored under alkaline conditions and high HCN. In these experiments, increased
cyanide concentrations led to an increase in measured aqueous ferrocyanide which aligns
with the predictions from the stability diagram. The clearest difference in the amount of
aqueous ferrocyanide formed comes from comparing the ferrocyanide concentration from
10 mM [CN~] experiments where the final pH was 8.69 and 10.16 with a final ferrocyanide
concentration of 1.06 mM and 0.29 mM, respectively. At pH 10.16, there should be more
[CN~] available. However, there is far less ferrocyanide formed likely due to the lack of
ferrous iron available in the solution. In contrast, the experiment at pH 8.69 would have
had [CN~] available, but with more ferrous iron available, more ferrocyanide formed. This
would imply that ferrous iron would enhance the drawdown of HCN from the atmosphere
by forming the ferrocyanide complexes. Therefore, we propose that pH is the predominant
control of the ferrocyanide concentration by nature of controlling the amount of ferrous
iron available from ferroan brucite.

2 T T

0r ferrocyanide

HCN

log a HCN

ad CN"

-8

25°C

_10 Il Il Il Il 1 1
pH

Figure 4. Predominance diagram made using Geochemist’s Workbench® depicting the pH depen-
dence for cyanide speciation and ferrocyanide formation. No surface interactions were included. The
following parameters were used: activity of Fe(II) = 0.02, activity of HO =1, temperature = 25 °C,
pressure = 1 atm across a range of HCN log activity from —10 to 2.
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While some aqueous ferrocyanide was detected in the 6 mM brucite experiments, no
aqueous ferrocyanide was detected in the 60 mM brucite experiments. When additional
Fe(Il)(aq) was added, the experiments did not yield any detectable ferrocyanide, indicating
that there was no [CN ] in the solution. This indicates that the mineral must be acting as
a sink for [CN™]. We propose that cyanide binds with structural Fe(Il)y, in the ferroan
brucite to form a surface-adsorbed ferrocyanide complex, and this complex does not release
from the mineral surface. In ligand-enhanced mineral dissolution, there are two key
steps (1) the adsorption of the ligand to an appropriate surface site and (2) detachment
of the metal-ligand complex from the mineral surface. The latter is the rate limiting step
and is dependent on the concentration of the ligand and solubility of the metal complex.
The importance of complex solubility can be illustrated by comparing the dicyanoaurate
complex to the ferricyanide complex. Cyanide leaching has been extensively used for gold
recovery in the mining sector. The gold is selectively dissolved through the formation of a
highly soluble dicyanoaurate complex. This soluble cyanide complex formation is also used
for the extraction and recovery of silver and copper ores [50]. In contrast, when cyanide
is added to pyrite at pH 10, ferricyanide complexes are formed on the surface, but these
complexes are not soluble enough to detach from the mineral surface and enter the aqueous
phase even when the surface is rinsed with additional DI water [51]. Therefore, cyanide
does not lead to enhanced pyrite dissolution and instead is stored on the pyrite surface.
Though both the dicyanoaurate and ferricyanide complex are cyanide-metal complexes,
the difference in solubility leads to a difference in mineral dissolution properties. Similar to
what is observed with pyrite, we propose that the ferrocyanide complex measured on the
60 mM ferroan brucite experiment’s mineral surface is not soluble enough to detach from
the mineral surface and forms a bridge with the mineral surface as evidenced by the blue
shift in the Raman bands.

When the ferroan brucite/cyanide ratio is lowered, as we had in the 6 mM brucite
experiments, some aqueous ferrocyanide was detected, despite there being less iron avail-
able in the system overall. It is possible that in the case of the 60 mM brucite, there are
sufficient surface sites for the uptake of all [CN™] as surface adsorbed ferrocyanide. With
less brucite (i.e., 6 mM), there are fewer surface sites, and thus, [CN ] in excess of the
adsorbed fraction will remain in the solution. Additional evidence that a surface complex
was formed comes from our observation that, in the 60 mM ferroan brucite experiments,
the addition of cyanide led to the suppression of hydrogen gas production, with higher
concentrations of cyanide, leading to more suppression. The hydrogen gas is produced
from coupling the oxidation of the Fe(II) component of ferroan brucite with the reduction
of water [48]. We propose that the cyanide is binding with the Fe(Il)(y, in the structure to
form ferrocyanide. Once this Fe(Il)(y, is bound as ferrocyanide, it can no longer react with
water to oxidize to Fe(Ill) and form hydrogen gas.

Altogether, the data imply that cyanide was able to complex with the mineral-bound
iron in brucite but was not able to detach from the mineral surface into the aqueous system.
Thus, cyanide is unable to enhance brucite dissolution, and the iron remains in the ferroan
brucite structure. Because cyanide does not lead to enhanced brucite dissolution, aqueous
ferrocyanide is made entirely from Fe(II) that had been dissolved from ferrous brucite in
response to the pH of the system. Thus, in the 6 mM ferroan brucite experiments, pH
is the driver of aqueous ferrocyanide complex formation by dictating the availability of
ferrous iron. However, in the 60 mM brucite experiments, no aqueous ferrocyanide was
formed, and there was no remaining aqueous cyanide. Instead, ferrocyanide was found to
be adsorbed onto the mineral surface.
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Implications for Prebiotic Chemistry

This work has demonstrated that when cyanide is added to a high-surface-area ferroan
brucite, cyanide will be stored as mineral-surface-adsorbed ferrocyanide, and depending
on the pH, some aqueous ferrocyanide can also form. Cyanide is an important reagent
in prebiotic chemistry and, therefore, identifying systems that can store and concentrate
cyanide of great interest. The mineral-surface-adsorbed ferrocyanide may serve as a
concentration mechanism for ferrocyanide. In addition, serpentinizing systems have long
been of interest to prebiotic chemistry with many published works detailing potential
reaction mechanisms that capitalize on the naturally occurring chemical, temperature, and
pH disequilibria found in these systems to start life on Earth [27,52-54]. What has not been
explored is the role that cyanide plays in serpentinizing systems. The 60 mM ferroan brucite
experiments demonstrated that it is possible to store at a minimum ~0.17 CN/ferroan
brucite (mM/mM). Using the data from the 6 mM experiments, if we assume that all
cyanide not accounted for in the measured aqueous ferrocyanide is associated with the
mineral, then we have storage potentials listed in Table 2. This assumes that there are no
other sinks for cyanide in the system. Additional study is needed to fully characterize the
maximal cyanide storage by ferroan brucite under varying environmental conditions.

Table 2. The amount of cyanide that was measured in aqueous ferrocyanide was subtracted from
the total amount of cyanide added to each experiment to obtain an approximation of how much
cyanide was stored on the ferroan brucite surface. This concentration was divided by the amount of
ferroan brucite to determine a CN/brucite ratio. This estimate assumes that there are no other sinks
for cyanide.

. . _ CN/Brucite
[Brucite] (mM) Final pH [CN~] (mM) (mM/mM)
6 mM 8.69 £+ 0.05 10 3.64
6 mM 7.95 £+ 0.06 5 3.56
6 mM 10.12 £ 0.02 10 8.26
6 mM 9.97 £1.29 5 3.86

Ferroan brucite, due to its sensitivity to pH, may also provide a useful surface to
release the cyanide so that it can be used as a reactant in downstream chemistry. Brucite
will dissolve rapidly at circumneutral pH, and so a decrease in environmental pH would
lead to ferroan brucite dissolution [47]. This dissolution would release a large flux of the
cyanide that was stored on the ferroan brucite surface, likely in the form of ferrocyanide.
One geological example of this comes from the Lost City hydrothermal field where the
vent chimneys are first composed of brucite and aragonite. As the vent ages, the brucite
dissolves from prolonged exposure to seawater and the aragonite transforms to calcite [55].

While the cyanide locked into the ferrocyanide complex is unable to participate in
chemical reactions, recent experimental work has shown that carbon monoxide can ligand
exchange with the cyanide in ferrocyanide. This released cyanide into the aqueous system
and forms a ferrocyanocarbonyl complex [56]. In addition, ferroan brucite may also host
surface reactions that could occur only when the complex is bound to the mineral surface.
Holm et al. (2006) has proposed that ferroan brucite could scavenge aqueous phosphate
and borate and concentrate these reagents sufficiently to facilitate ribose formation through
phosphorylation reactions [57].

In addition to ferroan brucite, there are other minerals that can serve as cyanide
reservoirs. For example, pyrite (FeSy) will store cyanide as ferricyanide [51]. Ferrocyanide
was found to adsorb onto kaolinite, magnetite, and bentonite surfaces in prebiotically
relevant conditions, where the mechanism of the interaction was also dependent on the pH
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and the mineral structure. For bentonite and magnetite, ferrocyanide was also found to bind
with Fe(Ill) present in the mineral structure and form Prussian blue analogues [58]. These
studies, combined with our results, indicate that iron-bearing minerals may be currently
overlooked for their potential to store and concentrate cyanide as iron—cyanide complexes.

5. Conclusions

Our experiments demonstrate that adding cyanide to a slurry of ferroan brucite min-
eral particles leads to ferrocyanide complex formation associated with the mineral surfaces,
leading to the storage of cyanide under conditions where brucite is stable. Depending
on pH, some aqueous ferrocyanide complexes are also formed. The formation of these
ferrocyanide complexes does not enhance mineral dissolution. Instead, the results highlight
the importance of pH in controlling the amount of aqueous ferrocyanide formed, since
higher pH favors cyanide availability while decreasing ferrous iron availability; thus, aque-
ous ferrocyanide formation is optimal at moderately alkaline pH (e.g., pH 8-9). We also
observed that increased cyanide association with the mineral surface decreases hydrogen
gas production. Because hydrogen gas is produced by coupling the oxidation of Fe(Il)(y of
ferroan brucite with the reduction of water, we propose that cyanide binds with Fe(Il)
to form adsorbed ferrocyanide, thereby inhibiting iron oxidation. Overall, the results
suggest that ferroan brucite, and potentially other iron minerals found in serpentinizing
environments, may be underestimated reservoirs for cyanide storage and concentration
which may have been important feedstocks for driving prebiotic chemistry.
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