Zweitveroffentlichung/ Staats- und

Secondary Publication Universitatsbibliothek
Bremen

https://media.suub.uni-bremen.de

Vicente Duran-Toro, Kurosch Rezwan, Solveig I. Bihring,Michael Maas

Arsenic and sulfur nanoparticle synthesismimicking environmental conditions of
submarineshallow-water hydrothermal vents

Journal Article as: peer-reviewed accepted version (Postprint)

DOI of this document® (secondary publication): https://doi.org/10.26092/elib/2811
Publication date of this document: 06/03/2024

* for better findability or for reliable citation

Recommended Citation (primary publication/Version of Record) incl. DOI:

Vicente Duran-Toro, Kurosch Rezwan, Solveig . Blhring, Michael Maas,

Arsenic and sulfur nanoparticle synthesis mimicking environmental conditions of submarine shallow-water
hydrothermal vents, Journal of Environmental Sciences, Volume 111, 2022, Pages 301-312,

ISSN 1001-0742,

https://doi.org/10.1016/j.jes.2021.04.011.

Please note that the version of this document may differ from the final published version (Version of Record/primary
publication) in terms of copy-editing, pagination, publication date and DOI. Please cite the version that you actually used.
Before citing, you are also advised to check the publisher's website for any subsequent corrections or retractions

(see also https://retractionwatch.com/).

This document is made available with all rights reserved.

The license information is available online: https://creativecommons.org/licenses/by-nc-nd/4.0/

Take down policy
If you believe that this document or any material on this site infringes copyright, please contact
publizieren@suub.uni-bremen.de with full details and we will remove access to the material.



JOURNAL OF ENVIRONMENTAL SCIENCES III (2022) 30I—-312

Arsenic and sulfur nanoparticle synthesis
mimicking environmental conditions of submarine
shallow-water hydrothermal vents

Vicente Durdn-Toro »*, Kurosch Rezwan?>, Solveig I. Biihring’,
Michael Maas%>*

1MARUM - Center for Marine Environmental Sciences, University of Bremen, Bremen 28359, Germany
2 Advanced Ceramics, University of Bremen, Bremen 28359, Germany
3MAPEX - Center for Materials and Processes, University of Bremen, Bremen 28359, Germany

ABSTRACT

Keywords: Arsenic and sulfur mineralization is a natural phenomenon occurring in hydrothermal sys-
Biomineralization tems where parameters like temperature and organic matter (OM) can influence the mo-
Milos bilization of the toxic metalloid in marine environments. In the present study we analyze
Hydrothermal vent the influence of temperature and OM (particularly sulfur-containing additives) on As and
Arsenic S precipitation based on the recent discovery of As-rich nanoparticles in the hydrothermal
Sulfur system near the coast of the Greek island Milos. To this end, we experimentally recreate the
Nanoparticles formation of amorphous colloidal particles rich in As and S via acidification (pH 3-4) of aque-
Ecotoxicology ous precursors at various temperatures. At higher temperatures, we observe the formation

of monodisperse particles within the first 24 h of the experiment, generating colloidal parti-
cles with diameters close to 160 nm. The S:As ratio and particle size of the synthetized par-
ticles closely correlates with values for As,Sy particles detected in the hydrothermal system
off Milos. Furthermore, organic sulfur containing additives (cysteine and glutathione, GSH)
are a key factor in the process of nucleation and growth of amorphous colloidal As,Sy par-
ticles and, together with the temperature gradient present in shallow hydrothermal vents,
dictate the stabilization of As-bearing nanomaterials in the environment. Based on these
findings, we present a simple model that summarizes our new insights into the formation
and mobility of colloidal As in aquatic ecosystems. In this context, amorphous As,S, parti-
cles can present harmful effects to micro- and macro-biota not foreseen in bulk As material.

in As and S in hydrothermal fluids of a shallow marine system
located near the coast of the Island of Milos (Greece) (Duran-
Toro et al., 2019). However, the environmental parameters in-
volved in the formation and stabilization of the material re-
mained unclear. The shallow vents off Milos consist of hy-

Introduction
Our research group identified for the first time the discharge of

amorphous, colloidally suspended particles (20-400 nm) rich
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drothermal discharges of hot acidic fluids (up to 115 °C, pH 4-6)
and gases (e.g. CO,, H,S), where dissolved arsenite (78 pmol/L)
and sulfide (3 mmol/L) are released into the water column and
are known to form larger yellow AsySy precipitates (> 400 nm),
which rapidly sink to the sea floor (Blihring and Sievert, 2017;
Godelitsas et al., 2015; Price et al., 2010; Price et al., 2013). So far,
the toxic metalloid arsenic has been characterized in marine
environments mainly as dissolved (i.e. arsenite and arsenate)
and mineral species (Price et al., 2010). Therefore, better under-
standing of the geochemistry of colloidal arsenic particles in
marine environments is needed, particularly to assess the tox-
icological implications of highly mobile suspended nanopar-
ticles.

As is well-described for biominerals like calcium carbon-
ate or calcium phosphate, further parameters besides tem-
perature, pH or ratio between soluble species in the reaction
could play a key role in As and S precipitation, particularly
regarding the final morphology of the precipitates or the for-
mation of a nanoparticulate phase. For example, biominer-
alization processes can be assisted by poly-acidic molecules,
which can facilitate the stabilization of amorphous nanopar-
ticles (Cai and Tang, 2008; Chiu et al., 2012; Fu et al., 2005).
Another example of additive-controlled biomineralization is
the formation of iron sulfide nanoparticles in magnetotactic
bacteria, which depends on specific cysteine residues to trig-
ger and stabilize the nanostructures inside the magnetosomes
(Bazylinski et al., 1991). These examples indicate that organic
molecules present in marine ecosystems as organic matter
might also strongly influence metal and metalloid precipita-
tion processes in hydrothermal vent systems (Langner et al.,
2012).

These principles have also been applied for the synthetic
preparation of nanoparticles. Here, organic additives are uti-
lized to control particle nucleation, growth, colloidal sta-
bilization and surface reactivity of nanomaterials (Duran-
Toro et al., 2014; Khan and Talib, 2010; Lau and Hsu-Kim, 2008;
Ubale et al., 2013). For example, the growth rate of zinc sul-
fide nanoparticles can be decreased in the presence of thiol
containing additives (cysteine and glutathione, GSH), and the
morphology of Ag nanoparticles can be tuned based on addi-
tive crosslinking reactions by increasing the concentration of
the ligand cysteine, changing from quantum dots to nanorods
configurations (Khan and Talib, 2010; Lau and Hsu-Kim, 2008).
The surface reactivity of cadmium sulfide/telluride nanocrys-
tals towards other metals like copper can be controlled by the
capping agent GSH (Duran-Toro et al., 2014).

The precipitation of arsenic sulfide species has been pre-
viously studied based on the pH and temperature of the
system (Eary, 1992; Godelitsas et al., 2015; Price et al., 2010;
Rochette et al., 2000; Welch and Stollenwerk, 2003). If the pH
or temperature decreases, the solubility of the sulfide species
decreases as well, allowing the stabilization of a new solid
phase (Eary, 1992). The precipitation of the arsenic and sul-
fur rich mineral orpiment has been demonstrated at room
temperature and pH below 5, describing the formation of a
precipitate when an excess of soluble sulfide in respect to ar-
senic (2:1) was present in solution (Rochette et al., 2000). How-
ever, the resulting material was not further characterized and
the formation of nanoparticles was not addressed by the au-
thors Rochette et al. (2000). On the other hand, organic matter

has been hypothesized to interact with arsenic by phenolic
OH groups, adducts formation with carboxylate groups sta-
bilized by H bonds or hydrophobic interactions. Moreover, it
has been shown that OM from peat samples (rich in sulfur
atoms), can establish covalent bonds between S~ and As3t,
playing an active role in arsenic immobilization and further-
more modifying the crystal phase of the analyzed precipitate
(Langner et al.,, 2012). Likewise, the deposition of As,S;3 thin
films can be controlled by the presence of acidic additives as
has been demonstrated for oxalic acid, changing the grain size
from 31 to 11 nm and film thickness from 383 to 207 nm, with-
out and with the additive (respectively) during chemical bath
deposition experiments (Ubale et al., 2013). To the best of our
knowledge no further deposition or precipitation experiments
of As,S3 or any AsySy materials using thiol-containing addi-
tives have been published. Particularly the formation and sta-
bilization of an amorphous nanoparticle phase have not been
studied in detail.

In this context, we designed a study that experimentally
recreates conditions of the described hydrothermal vent sys-
tem off Milos in order to better understand the formation of
the recently discovered colloidal AsySy phases. This will al-
low us to expand our knowledge on As geochemistry and con-
sequently on how the toxicity of As is modified in marine
ecosystems. To this end, we investigate the influence of pa-
rameters like concentrations, temperature and pH on the nu-
cleation, growth and stability of AsySy. Furthermore, the pres-
ence of OM rich in thiol groups (-SH) and its influence in nu-
cleation, growth, stability or crystal phase of the colloidal As
material was evaluated. This we addressed by using cysteine
and GSH as additives in the precipitation reaction. The result-
ing material was characterized by high resolution electronic
microscopy, selected area electron diffraction, optical density
measurements and dynamic light scattering.

1. Materials and methods
1.1. Reagents and materials

All reagents employed during experimental procedures,
NaAsO,, NaS,.9H,0, HCl (37%), L-cysteine hydrochloride,
glycine hydrochloride and blue silica glass beads (desicca-
tor agent) were purchased from Sigma Aldrich (Darmstadt,
Germany) at analytical grade. Dilution of reagents was done
in ultra-pure Milli-Q water (18.2 MQ-cm). Anoxic experimen-
tal conditions were achieved by purging with N, gas from
Linde (Dublin, Ireland). Reaction syntheses were carried out
in polypropylene tubes acquired from Thermo Fisher Scientifc
(Massachusetts, United States). Filtration was performed us-
ing polycarbonate Whatman® membranes with 0.2 pm pore
size and 25 mm diameter size. Aluminum sample holders ob-
tained from AMCO (Bremen, Germany) and formvar-coated
copper-grids from Sigma Aldrich were used in electron mi-
croscopy analysis.

1.2. Arsenic sulfide precipitation experiments

The precipitation of arsenic was based on (Rochette et al.,
2000) and adapted considering environmental hydrothermal



conditions . A 1 mol/L sodium arsenite (NaAsO;) solution was
prepared with Milli-Q water, aliquots of 1 mL were poured into
Eppendorf tubes of 1.5 mL and stored at -20 °C. Sulfur contain-
ing additives (cysteine and glutathione, GSH) and glycine were
prepared as 100 mmol/L stock solutions in water. A 1 mol/L
Na;,S solution was prepared in a closed chamber at N, atmo-
sphere. Afterwards, Na,S was dissolved in autoclaved Milli-Q
water previously cooled under N flux to remove O, from solu-
tion. Na,S-9H, 0 stock solution was stored in sealed serum bot-
tles at4 °C. For the precipitation experiments, the reaction was
carried out at different precursor ratios (S:As), pH and tem-
peratures. The order of addition of the reagents remained the
same in every experiment. Firstly, Na,S-9H,0 was added to 35
mL of Milli-Q water, with final concentrations of 0, 0.6, 1.5, 2.1
or 3 mmol/L; secondly, additives were added to a final concen-
tration of 1 mmol/L; thirdly, pH 3—4 was adjusted with 1 mol/L
HCI; and finally after vigorous agitation, arsenite was added
to a final concentration of 300 pmol/L. As soon as arsenic was
added to the solution, the reaction mixtures were incubated
at different temperatures (25, 45 and 75 °C) to simulate a tem-
perature gradient present in natural systems. pH monitoring
of the experiments was performed using a FiveEasy pH meter
(Mettler-Toledo; Ohio, United States) and measurements were
done every 20 min in the first hour, then the pH was measured
once per day during three days of incubation.

1.3. UV-Vis spectrophotometry

Samples from different arsenic sulfide precipitation experi-
ments were collected for analyzing UV-Vis spectra between
wavelengths of 300 and 550 nm at several time intervals. Spec-
tra were obtained using a Spectrophotometer UV-1280 (Shi-
madzu) with a quartz cuvette. Samples were analyzed unfil-
tered to obtain the optical density as a result of both light scat-
tering and absorption of the particles suspended in solution.

1.4.  Dynamic light scattering

Samples from different arsenic sulfide precipitation experi-
ments were collected for analyzing particle size distribution
by dynamic light scattering (DLS). Particle size distributions
were obtained using a Zetasizer ZSP (Malvern) with the refrac-
tive index of As;,S3 (2.65) as reference material (Rodney et al.,
1958). Samples were analyzed unfiltered to obtain a represen-
tative scattering effect of all particles suspended in solution.

1.5.  Scanning electron microscopy coupled to
energy-dispersive X-ray spectroscopy (SEM-EDX)

Morphology, size and elemental composition of particulate
material (> 200 nm) was studied by SEM-EDX analysis. Here,
200 nm pore-size polycarbonate membranes were used to col-
lect arsenic sulfide precipitates at different reaction times and
temperatures as described before (Duran-Toro et al., 2019). For
SEM sample preparation, particles collected on the filters were
dried in a desiccator using silica glass beads (5 days). For each
filtration, 5 mL of sample was used to assure proper particle
abundance on the filter. An iSUPRA 40 SEM (Zeiss) with an EDX
detector (Bruker, XFlash 6|30) was operated at low voltage (3-5
kV) for high definition images and at 15 kV for EDX spectrum

determination. EDX spectra were performed on each sample,
accounting for at least 5 spots of a 5 pm? area of analysis.

1.6.  Transmission electron microscopy coupled to selected
area electron diffraction (TEM-SAED)

Morphology and crystal phase identification of the synthe-
sized particles was studied by TEM-SAED analysis of parti-
cles formed during arsenic sulfide precipitation experiments
at different temperatures of reaction or in the presence of ad-
ditives. For TEM sample preparation, 5 pL of diluted (1:100)
particle suspension were deposited on a carbon-coated cop-
per grid and dried in a desiccator overnight. A FEI Titan mi-
croscope with SAED was operated at 80 to 300 kV depending
on electron beam sensitivity of the particles.

2. Results
2.1. Initial particle characterization

Arsenic and sulfur precipitation experiments were adapted
from a simple protocol based on the reaction of sodium ar-
senite (NaAsO;) with sodium sulfide (Na,S) in order to study
the formation of a particulate fraction mimicking environ-
mental hydrothermal conditions, which are characterized by
acidic pH, elevated temperatures and high content of dis-
solved arsenic and sulfuric species (Duran-Toro et al., 2019;
Rochette et al., 2000). In the reaction, the initial pH was ad-
justed to 3—4 prior to the addition of arsenite without pres-
ence of a buffer solution to avoid interaction of an arsenic
sulfide phase with buffer molecules or ions. The pH was mon-
itored during the experiments and showed no variations dur-
ing the reaction (Appendix A Fig. S1). Fig. 1a shows an SEM
micrograph of the precipitated colloidal particles collected on
200 nm polycarbonate filters. The particles exhibited spherical
shapes and diameters around 200 nm. EDX analysis (Fig. 1b)
shows that the particles are rich in As and S. A peak of oxy-
gen (O) in the EDX spectrum suggests the presence of oxi-
dized forms of either As or S. The strong peak of carbon (C)
stems from the polycarbonate filter substrate. The normalized
atomic weight percentage (S:As [Atom. %]) of the particles in-
dicate a ratio close to 6, which differs from arsenic sulfide min-
erals like orpiment or amorphous arsenic sulfide (As,S3) with
a theoretical number of 1.5 or realgar (As4S4) with a value of
1.

The presence of colloidal particles is evidenced by changes
in turbidity of the reaction medium as a result of light scat-
tering in the UV-vis wavelength range (Tyndall effect). Con-
sequently, optical density (OD) spectra of the unfiltered reac-
tion solutions were obtained in the wavelength range of 300-
550 nm. Fig. 2 shows the OD spectra of different reaction so-
lutions with As and S precursors at initial ratios (S:As) from
2:1 to 7:1. The spectra show a colloidal light scattering pat-
tern with an increase of Rayleigh scattering in an exponential
manner at small wavelengths (300-400 nm, Fig. 2). No varia-
tions over time (0 to 24 hr) suggest that the reaction finished
at the beginning of the observed time period and that the par-
ticles remained suspended at 25 °C and pH close to 4 during
the first 24 hr (Appendix A Fig. S2). The size distribution of the
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Fig. 1 - SEM-EDX analysis of the particulate fraction formed during As and S precipitation. The SEM image (a) shows the
presence of spherical particles with diameters around 200 nm. The upper right inset shows a photograph of the yellow
precipitate obtained after filtration. The EDX spectrum (b) of colloidal particles shows main peaks for As and S. Table legend:
El., element; norm. C [wt.%], weight percentage normalized by C abundance; atom. C [at.%], atomic percentage normalized by
C abundance. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.).
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Fig. 2 - Absorbance spectra and DLS analyses of reaction solutions for As and S precipitation after 24 h of incubation at 25 °C
and pH 3 - 4. Optical density spectra (left) and DLS (right) of the reaction medium with different S and As precursors ratio
(2:1, 5:1, 7:1; PDI: 0.55, 0.48 and 0.21, respectively).
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Fig. 3 - Influence of temperature on colloidal particle formation during As and S precipitation. (a), (b), and (c) SEM images of
colloidal particles collected by filtration of reaction medium at temperatures 25, 45 and 75 °C, respectively, on polycarbonate
0.2 pm membranes. Aliquots were taken for filtration after 24 h with initial ratio of S:As precursors of 5:1. (d) shows the S:As
ratio in the samples obtained from EDX analysis. The standard deviation of each sample was calculated from at least five
independent measurements. The red rhombus symbol represents the Atom% of As-S-rich nanoparticles described in Milos
(Duran-Toro et al., 2019). (e) Optical density spectra (300-550 nm) of unfiltered samples (containing the colloidal particles)
from reaction synthesis at different temperatures. (f) DLS analysis of unfiltered samples from reaction synthesis at different

temperatures.

unfiltered synthesized particles in suspension was evaluated
by dynamic light scattering (DLS) (Fig. 2), showing a bimodal
distribution in the intensity-weighted size distribution with
major particle sizes at 13 and 140 nm and a moderately high
polydispersity index (PDI > 0.2, Fig. 2) when low precursor ra-
tios were applied (2:1 and 5:1). However, when a higher ratio
(7:1) was established, the smaller particle sizes disappeared,
presenting mostly particles with a size close to 140-160 nm
and a narrower size distribution with PDI < 0.2.

2.2 Temperature-dependent particle synthesis

The influence of temperature (25-75 °C) was studied at a fixed
S:As ratio of 5:1, which mimics soluble sulfide and As concen-

trations as well as temperatures present at hydrothermal sys-
tems (Duran-Toro et al., 2019; Price et al., 2010). Fig. 3a, b and
¢, show the particulate fraction collected on 200 nm polycar-
bonate filters after 24 h at 25, 45 and 75 °C, respectively. Spher-
ical particles with a size ranging from 20 to 300 nm could be
observed in the analyzed filtrates (Fig. 3 a—c). The density of
the particle coverage on the filters suggested a correlation be-
tween reaction temperature and yield (Appendix A Table S1,
Fig. S3 and Fig. 3). The decrease in S:As [Atom. %] as deter-
mined by EDX correlated to increasing temperatures and ex-
hibited similar values to amorphous arsenic sulfur nanopar-
ticles detected in the hydrothermal system off Milos (Fig. 3d)
(Duran-Toro et al., 2019). Fig. 3e shows the changes in the OD
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spectra of the reaction medium at different incubation tem-
peratures. At 45 °C, an increase in the optical density was
observed compared to 25 °C (Fig. 3e). However, at 75 °C, the
spectrum is no longer dominated by Rayleigh scattering but
shows a broadband optical density with a shallow maximum
at 450 nm (Fig. 3e). This is most likely an effect of the domi-
nating larger particles which cause wave-length-independent
Mie-scattering (Fig. 3d). The size distribution determined by
DLS was also influenced by the reaction temperature, showing
larger particles for incubations at higher temperatures (Fig. 3f)
and PDI values of 0.62, 0.12 and 0.045 for reaction temperature
of 25,45 and 75 °C, respectively. The temperature effect resem-
bles the variations in size distribution observed in changes of
precursors ratio, where the smaller particles disappeared and
only bigger particles with a peak diameter size close to 140-
160 nm remained in solution (Fig. 3f).

2.3.  Particle synthesis in the presence of thiolic additives

In order to evaluate the possible role of thiols in the forma-
tion and stabilization of the colloidal As and S rich particles
under environmental hydrothermal conditions, the morphol-
ogy, elemental composition and particle size distribution of
the formed colloids were studied in the presence of thiolic
additives. The thiols cysteine and GSH were chosen as reac-
tion additives as examples for thiol-containing organic mat-
ter. Since the chemical structures of these thiols contain other
functional groups, especially COOH and NH, (Fig. 4), glycine
was used as an additional control to evaluate the effects of
non-thiolic groups on the formed As-S phase.

Fig. 5a-d show the morphology and size of the particles
collected on polycarbonate filters from the reaction medium
at 25 °C after 24 h of incubation with and without addi-
tives. Fig. 5a and b show nanospheres with particle diame-
ters close to 200 nm obtained from synthesis without (Fig. 5a)
and with glycine (Fig. 5b). Remarkably, when cysteine or GSH
were added, agglomerated ultra-small particles were formed
(Fig. 5¢ and 5d, respectively). EDX analysis indicated As and
S as the main constituents (data not shown), for conditions
both with and without additives. The S:As [Atom.%)] ratio in
the different samples suggests a change in chemical composi-
tion of the material in the presence of thiolic additives (Fig. Se).
In the presence of cysteine and GSH, the S:As [Atom.%)] val-
ues decrease compared to no additive or glycine (Fig. Se). Size
distribution analysis by DLS (Fig. 5f) substantiate these ob-
servations, showing two major particles sizes for the con-
trol and glycine treatments as before and a large increase in
particle size in the presence of a thiol containing additive.
When cysteine is used in the reaction, particles exhibited a
broad size distribution with a single peak from 20 to 200 nm.
When GSH was added, a significant increase to >1 pm was
observed (Fig. 5f). One explanation for these broad size dis-
tributions might be the agglomeration of the smaller parti-
cle phase which is also present in the control samples. These
ultra-small particles possibly escape the filter without addi-
tives, but might lose their colloidal stability as a result of their
interaction with the thiolic additives resulting in agglomer-
ates which are collected by the filter. Furthermore, the smaller
particle phase might be a precursor from which the larger par-
ticles form, and this transformation could be inhibited by the
additives.

Fig. 6a-d shows the morphology and size of particles
formed at 75 °C, with and without additives and after 24 h
of incubation. The micrographs in Fig. 6a (no additive) and b
(glycine) show spheres with very similar particle diameters
(100 to 300 nm). When thiols were added to the synthesis,
smaller and agglomerated particles were observed. Instead of
the ultra-small particles observed at lower temperatures with
cysteine and GSH, ovoid particles were found, with a size rang-
ing from 20 to 300 nm (Fig. 6¢c and d). Interestingly, analyses of
the S:As [Atom.%)] ratio in the samples suggests that the chem-
ical composition is controlled by temperature rather than by
the thiols (Fig. 6e). The S:As [Atom.%] ratio of the material re-
mained similar when compared to the control without addi-
tive or in the presence of glycine, reaching values between 1.9
and 2.3 (Fig. 6e). The size distribution analysis (Fig. 6f) corre-
lates to the observations from the SEM images, showing in the
control and glycine samples a major particle size of 180-200
nm and a broader range of particle diameters in the presence
of thiols. When cysteine and GSH were used in the reaction,
particles exhibited diameters between 30 and 200 nm (Fig. 6f).

Optical density (OD) spectra of the reaction synthesis at 25
or 75 °C with different additives were studied over time (24
and 72 h) (Fig. 7). No major differences were observed when
glycine was used as an additive at any given condition (Fig. 7).
In the presence of cysteine or GSH, an increase in the OD was
observed after the first 24 h of incubation (25 °C) when com-
pared to the control and glycine addition (Fig. 7). Once the tem-
perature of incubation was increased to 75 °C, the OD spec-
tra of the control, glycine and GSH showed broad-band ad-
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Fig. 5 - SEM-EDX and DLS analyses of colloidal particles synthesized in the presence of thiol additives at 25 °C. SEM images
of the colloidal particles collected on polycarbonate filters (0.2 pm pore size) after 24 h incubation at 25 °C (a) without
additive (b) with glycine, (c) cysteine and (d) GSH. (e) EDX analysis of S:As [Atom. %]. Standard deviations correspond to at
least 3 measurements per sample. (f) DLS of particles size distribution in unfiltered reaction medium.
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Fig. 6 - SEM-EDX and DLS analysis of colloidal particles synthesized in the presence of thiolic additives at 75 °C. SEM images
of the colloidal particles collected on polycarbonate filters (0.2 pm pore size) after 24 h incubation at 75 °C (a) without
additive, (b) with glycine, (c) cysteine and (d) GSH. (e) EDX analysis of S:As [Atom. %]. Standard deviations correspond to at
least 3 measurements per sample. (f) DLS of particle size distribution in the unfiltered reaction medium.
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sorption with a shallow maximum between 400 and 500 nm
(Fig. 7b). However, when cysteine was added to the reaction, a
mixture of Rayleigh and Mie scattering was observed, with a
maximum at 420 nm (Fig. 7b) and an increase at lower wave-
lengths. After 72 h of incubation, no further modification was
noticeable in the spectra with or without additives at 25 °C
(Fig. 7c). Nonetheless, the OD signal associated with the par-
ticles vanished completely after 72 h at 75 °C with or without
additives (Fig. 7d, right). This result indicates the dissolution
of the arsenic sulfide phase after 72 h, which was corroborated
by the absence of As- and S-rich colloidal particles in the SEM-
EDX analysis of the samples on polycarbonate filters (data not
shown).

2.4. Crystal phase analysis

Crystal phase identification was carried out by TEM-SAED ex-
periments of particles formed in reaction solutions at differ-
ent temperatures (25 and 75 °C) and in the absence (control)
and presence of thiolic additives (cysteine and GSH). The TEM
images (Fig. 8) of drop-cast, unfiltered aliquots of the reac-
tion medium confirmed the size and morphology of the parti-
cles as described before, showing a spherical morphology and
sizes close to 100 nm for control conditions at 25 and 75 °C af-
ter 24 h of incubation (Fig. 8a and b). When cysteine was added
to the reaction at 25 °C, the agglomerated ultra-small parti-
cles described earlier can be observed (Fig. 8c). When the tem-

perature was elevated to 75 °C the ultra-small particles disap-
peared and instead ovoidal particles were found in smaller ag-
glomerates (Fig. 8d). When GSH was used as additive, the for-
mation of larger particles was detected at 25 °C (Fig. 8e), while
at higher temperatures a similar ovoidal morphology could be
identified (Fig. 8f). SAED analysis of the particles indicates that
all particles types are amorphous, evidenced by the absence of
crystalline long-range order in all of the formed particles, in-
dependent of temperature or the presence of additives during
precipitation (Fig. 8).

3. Discussion

3.1.  Proposed mineralization mechanism at the
hydrothermal vent system off Milos

Understanding the mineralization of arsenic sulfide repre-
sents a key step in elucidating the geochemistry of As in dif-
ferent ecosystems (Godelitsas et al., 2015; Langner et al., 2012).
In recent years, novel mechanisms of biomineralization (e.g.
for Cas[OH(PO4)3] or CaCOs3), have highlighted the relevance
of nanoparticles in these processes and how environmen-
tal parameters like temperature and organic matter (organic
molecules) contribute in the stabilization of the nanostruc-
tures (Bazylinski et al., 1991; Cai and Tang, 2008; Chiu et al.,
2012; Fu et al., 2005). Current models of As and S precipi-
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Fig. 8 - TEM-SAED analysis of colloidal particles synthesized in the presence of thiol additives at different temperatures.
TEM images (left) and corresponding SAED diffractogram (right) of the colloidal particles after 24 h incubation without
additives at 25°C (a), at 75°C (b) and incubated with cysteine at 25 °C (c), at 75 °C (d) or in the presence of GSH at 25 °C (e) and
at 75 °C (f). SAED analysis shows the absence of crystalline long-range order at every condition.

tation under environmental conditions have not yet consid-
ered colloidal As particles ( 20 400 nm) as part of the process
(Bissen and Frimmel, 2003; Duran-Toro et al., 2019; Eary, 1992;
Godelitsas et al., 2015; Rochette et al., 2000). Nonetheless, our
results (Fig. 1), support the idea of colloidal As particle forma-
tion as a natural phenomenon occurring during As and S pre-
cipitation in the environment when an excess of soluble sul-
fide relative to As occurs (S:As of 2:1, Fig. 1). Most of the reac-
tion conditions for As and S precipitation in the present work
resemble shallow water hydrothermal systems (pH 4 - 6; 30—
90 °C; As: 78 umol/L; S>~, HS~: 3 mmol/L), and constitute a first
approach for understanding the influence of temperature on
the formation of As colloidal particles (Godelitsas et al., 2015;
Price et al,, 2013). Only dissolution assays of arsenic sulfide
minerals have been reported in the literature so far, indicat-
ing a decrease in their stability with increasing temperature
and amorphous phases of arsenic sulfide minerals as the main
precipitate at temperatures near 90 °C (Eary, 1992). Based on
the influence of temperature, the discovery of amorphous As
and S rich nanoparticles in the shallow hydrothermal system
off Milos was explained as a consequence of a temperature
drop due to mixing of seawater and hot (> 60 °C) hydrother-
mal fluids (Duran-Toro et al.,, 2019). Mixing of As and S rich
fluids and seawater was attributed to cause an oversaturation
of the arsenic sulfide species due to their low solubility at tem-
peratures of 20 to 25 °C (Duran-Toro et al., 2019). Nonetheless,
the data presented here indicate a more complex explanation
(Fig. 3). In an initial step, during the first 24 h of reaction, the

elevated temperature exhibited an enhancing effect on par-
ticle nucleation, boosting the yield of nanoparticles (Fig. 3a—
c). This relation between temperature and reaction synthesis
was further evidenced by the different S and As content in the
particles formed at 45 or 75 °C, which was remarkably simi-
lar to those found in the natural nanoparticles discovered in
the Milos hydrothermal system (Fig. 3d). Furthermore, a total
dissolution of the particles after 72 h of incubation at 75 °C
(Fig. 7d) was detected. Conversely, at 25 °C, the integrity of the
signal associated with the presence of the colloidal material
remained unaltered (Fig. 7c). The analyzed temperatures (up
to 75 °C) are similar to values recorded in shallow hydrother-
mal systems which therefore suggests that dissolution of ini-
tially formed particles may also occur within 24 h in a nat-
ural hydrothermal system. However, it is likely that particles
formed under high temperature hydrothermal conditions re-
main stable once the fluids are mixed with colder seawater.
This suggests that As and S rich particles with similar S:As
[Atom. %] ratio to the herein described colloidal particles are
stabilized in pore-water (seawater in the sediments) and hy-
drothermal fluid samples from Paleochori bay, avoiding disso-
lution by high temperatures once mixed with seawater (Fig. 9)
(Duran-Toro et al., 2019).

The mineralization mechanism could potentially be com-
plicated by the oxidation of the As ions. However, the oxida-
tion rate of dissolved Ast3 in water and in the presence of
air is slow. Only 25% of As*3 is oxidized within 5 days when
purging a solution initially containing 200 ug/L As*3 with air
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Fig. 9 - Geochemistry of As,Sy colloidal particles in a shallow hydrothermal vent off Milos. Hydrothermal discharge,
consisting of hot fluids (pink) rich in soluble sulfide (H,S) and reduced forms of Arsenic (As>*), emerges from the center of
the vent generating a gradient of temperature and pH along the water column and sediments. (1) Sulfur and Arsenic species
within the fluids and with or without the presence of organic matter rich in thiol groups (OM-SH) form stable amorphous
colloidal particles. (2) the As,Sy colloidal particles are transported through the sediments and into the water column as part
of the colloidal fraction of the hydrothermal discharge. (3) As,Sy colloidal particles are dispersed along the water column,
contributing to the total amount of arsenic present in seawater. (4) As,Sy colloidal particles diffuse along the sediments. (5)
AsySy colloidal particles contribute to the formation of As and S rich mineral phases on the seafloor (yellow). (6)
Precipitation of As and S rich mineral phases on the seafloor by direct interaction of a soluble precursor. Dashed arrows
correspond to hypothetical reactions or transport processes of colloidal particles. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

(Clifford et al., 1983). 8% of As*3 can be oxidized within 60
min in solutions purged with pure oxygen (Frank and Clif-
ford, 1986). Groundwater containing As*3 purged with air and
pure oxygen showed that between 54% and 57% of As3* were
oxidized within 5 days (Kim and Nriagu, 2000). Our experi-
mental designed showed the formation of colloidal particles
in the first 1 hr of incubation and the scattering signal of the
suspended particles to remain stable within the first 24 hr of
incubation (Appendix A Fig. S2). Therefore, the low oxidation
rate of the As*3 precursor (AsO33*) within the first 24 hr by
the oxygen present in the air strongly suggests the absence of
As*® during the formation of the colloidal particles.

3.2.  Influence of OM on the proposed mineralization
mechanism

The interaction between OM and metals in hydrothermal sys-
tems, specifically in shallow vents, has been previously shown
to be a selective process in which co-precipitation or inter-
action of OM and elements like Fe or Cu dictates geochemi-
cal cycles in marine environments (Gomez-Saez et al., 2015;

Kleint et al., 2015). Fig. 5 shows how the presence of thiol-
containing additives during the precipitation of As and S al-
tered the morphology, chemical composition and size distri-
bution of the formed particles. At 25 °C and with the addi-
tion of cysteine, granular structures with an S:As [Atom. %]
ratio lower than the control and a broader particle size dis-
tribution were observed (Fig. 5c, e and f). Similarly, with GSH,
agglomerated ultra-small particles with a low S:As [Atom. %]
ratio were detected (Fig. 5d, e and f). These findings drastically
differ from the colloidal particles formed without thiolic ad-
ditives (Fig. 5). The high affinity of As®* species like arsenite
for sulfhydryl (-SH) groups, suggests the stabilization of dif-
ferent As,Sy phases based on the presence of thiol-containing
additives. These novel As-S phases could be formed through
a direct bond between the As and the S atom as suggested
in the literature (Langner et al., 2012). These interactions of
the additives with the nucleating particle phase might explain
the changes in morphology and chemical composition (Figs. 5
and 6). The appearance of granular agglomerates correlates
with the previous description of As,S; films formed due to
the interaction with additives (Ubale et al., 2013). These re-



sults suggest an analogous phenomenon occurring in the hy-
drothermal system off Milos, where a similar range of mor-
phologies, size, S:As [Atom. %] ratio and crystal phase was de-
scribed (Duran-Toro et al., 2019). Thus, we suggest that thiols
might have a strong impact upon nucleation and growth of
As-rich colloidal material at low temperatures and in conse-
quence on the mobility of the metalloid in marine environ-
ments, where OM rich in S represent a key component. Fur-
thermore, our experiments suggest that the above-described
effect of elevated temperatures dominates over the effect of
the additives (Figs. 6 and 7). This can be particularly noted in
the absence of agglomerated ultra-small particles even in the
presence of additives at 75 °C. Instead, larger particles simi-
lar in morphology and composition to those formed at 75 °C
without additives are generated. Most amino acids and short
peptides do not undergo decomposition at temperature near
75 °C, and in the case of cysteine an oxidation to cystine and
only a posterior degradation can be observed in minor quan-
tities at temperatures close to autoclaving (100 °C) (Evans and
Butts, 1949; Haberstroh and Karl, 1989; Weiss et al., 2018). How-
ever, decomposition of additives cannot be completely ruled
out.

4, Conclusions

The synthesis of colloidal As particles was performed via the
precipitation of water-soluble precursors at conditions mim-
icking those found at natural hydrothermal systems. The re-
sulting colloidal particles exhibited a spherical shape, were
rich in As and S, with a size range of 10 to 300 nm. Particle
properties like size, polydispersity, yield or S and As atomic
weight % ratio could be easily tuned by the synthesis pa-
rameters, particularly S and As precursor ratio or tempera-
ture. Additives like thiols furthermore represent a key param-
eter for colloidal particle formation at low temperatures, fa-
voring the generation of As- and S-rich aggregates instead of
individual and well-defined particles. However, the effects of
higher temperatures dominate the process even in the pres-
ence of additives. Our findings are in agreement with previous
reports of environmental and synthetic formation of AsySy
species and suggests the precipitation of arsenic sulfide min-
erals through formation of arsenic-sulfur-rich colloidal par-
ticles in the presence of organic matter as a common step
occurring in hydrothermal and other marine systems. Con-
sequently, our findings can be potentially transferred to the
hydrothermal vent system: During the initial exhaust of hot
(T > 60°C) hydrothermal fluid particle formation takes place
with high yield. The morphology, size and more importantly
the S:As [Atom. %] ratio in the particles correlate with the par-
ticles generated at elevated temperatures and indeed exhibit
values notably similar to As- and S-rich particles found in the
shallow hydrothermal system off Milos (Greece). If the parti-
cles remained in this hot area, they would, however, dissolve
again over time. Most likely, the particles are rapidly mixed
with colder regions of sea water, where they remain mostly
unchanged and colloidally suspended. The colloidal suspen-
sion of the amorphous particles then leads to extended mobi-
lization of the colloidal phase, resulting in far-field dispersion
of As in seawater. Consequently, our results suggest the pre-

cipitation of As and S rich colloidal particles as a natural phe-
nomenon in environments with low pH within a temperature
gradient and soluble sulfide exceeding As concentrations. This
shows that an improved understanding of the formation, mo-
bility and fate of As in marine environments in its colloidal
phase is critical, and detailed comprehension of the harmful
and chemical impact of arsenic-bearing nanomaterials might
lead to novel regulations of pollutants and new insights into
geochemical models.
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