
RSC
Mechanochemistry

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
4/

20
24

 1
2:

22
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
“What makes eve
aDepartment of Chemistry “Giacomo Ciam

Bologna, Italy. E-mail: marianna.marchini2
bDepartment of Philosophy and Communicat

Bologna, Italy
cBAM Federal Institute for Materials Researc

11, 12489 Berlin, Germany
dInstitute of Geotechnics, Slovak Academy o

Slovakia

† Electronic supplementary informa
https://doi.org/10.1039/d3mr00035d

Cite this: DOI: 10.1039/d3mr00035d

Received 24th December 2023
Accepted 6th February 2024

DOI: 10.1039/d3mr00035d

rsc.li/RSCMechanochem

© 2024 The Author(s). Published b
ry work perfect is cooking and
grinding”: the ancient roots of mechanochemistry†

Marianna Marchini, *a Giacomo Montanari,b Lucia Casali, ac Matteo Martelli,b

Lucia Raggetti,b Matej Baláž, d Peter Baláž d and Lucia Maini *a

This paper explores the historical significance of milling in various technological areas from ancient times,

emphasizing its role beyond the simple ingredient reduction. The study focuses on sources from the 1st to

the 10th centuries: philologists selected, studied, and translated ancient sources, while chemists provided

chemical interpretations by replicating the recipes in the laboratory. The study delves into the synthesis

of cinnabar from mercury and sulphur, or mineral ores such as orpiment, realgar, and stibnite. While the

mercury–sulphur reaction is known, the synthesis from sulphide ores is not reported in the literature.

Chemical replication assessed the reactions' feasibility and confirmed the fundamental role of grinding

for the yield of the reaction, which was already recognized by the alchemist Zosimus of Panopolis

(3rd–4th cent. CE) who claimed “what makes every work perfect is cooking and griding”.
Introduction

Milling has accompanied human beings through all the steps of
technological progress since the dawn of time, from the milling
of grains to make our or the discovery of int and its use to
kindle res. However, milling is not just the simple reduction of
ingredients into minute particles, but it can be regarded as
a fundamental process in transforming substances.

Theophrastus' On Stones (3rd cent. BCE) describes the extrac-
tion of mercury by grinding cinnabar in a copper mortar in the
presence of vinegar. Takacs1,2 rightly identied this procedure as
the rst documented mechanochemical reaction, long before the
birth of chemistry itself. The importance of extracting mercury
from ores by mechanical means in ancient metallurgy was further
evidenced by Baláž.3 However, no other mechanochemical reac-
tion was detected in the historical record before the 19th century,
with the work of Faraday,4 Ostwald5 and Lea.6

The apparent lack of other references to the importance of
grinding for transformation processes is rather suspicious,
given the relevance that this procedure had in the early days of
alchemy. A possible explanation probably lies in the difficulty of
accessing the sources, which are few, especially before
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mediaeval time, and oen not yet edited and translated into
modern languages. The difficulties in the interpretation of
alchemical texts are renown: the style can be obscure as meant
for acolytes, and the texts are composed in languages that are
not in the usual domain of the average chemist, such as Latin,
Greek, Arabic, or Syriac. Hence, the modern chemist who would
like to navigate through historical works has to face several
difficulties that can turn the intriguing prospect into a daunting
experience.7–9

In this paper, we will focus on a number of sources
composed between the 1st and the 10th century, which testify to
the importance of grinding according to ancient scholars and
practitioners. The selection of the sources has been made by the
philologists, who prepared editions and translations of the
texts, while the chemists proposed chemical interpretations
and tested these hypotheses in the laboratory. By replicating the
recipes, we explored the viability and feasibility of the reactions,
as well as the technical underpinnings of the texts, in order to
disclose the material and practical dimensions of ancient
alchemy. Textual and chemical interpretations constitute
a hermeneutical cycle, in a sort of ouroboros, the emblematic
serpent of ancient Egypt and Greece which was represented with
its tail in its mouth, continually devouring and regenerating
itself at the same time.

We collected several recipes dealing with the synthesis of
cinnabar, as follow up of our previous work on the cold
extraction of mercury from cinnabar.10 This close interest in
mercury comes from the peculiar physical and chemical prop-
erties of this element, which captured the attention of early
practitioners. Its ability to form amalgams with several other
metals and to react with many compounds led to its concep-
tualization as the common constituent of all metals.
RSC Mechanochem.
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Fig. 1 (a) Sulphur and mercury before grinding; (b) and (c) two
consecutive steps of the mechanochemical reaction between sulphur
and mercury; (d) ground powder before the heating step and (e) after
24 hours at 350 °C.
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Ancient recipes were transmitted in manuscript form and
copied, time aer time, on papyrus or parchment. If today we
think of copying as the act of creating an exact reproduction, the
approach to the transmission was very different in premodern
times, particularly in the case of technical procedures. When
copying, copyists could add words and ingredients or, alterna-
tively, summarise passages and change ingredients, in the
measure of their knowledge and experience. When it comes to
the study of the chemical reality behind the text, a single variant
of the recipe randomly chosen among those that came down to
us, may not be enough. The close comparison with different
occurrences of the same procedure offers a larger perspective
for the chemical interpretation. The goal of the recipe is
a pivotal point on which we establish a parallel between
different descriptions of the same procedure.

The importance of grinding in the cold extraction of mercury
from cinnabar has already been described, therefore here we
focus our attention on the synthesis of cinnabar starting from
mercury and sulphur or mineral ores such as orpiment (As2S3),
realgar (As4S4), and stibnite (Sb2S3). While the reaction between
mercury and sulphur is known,11 the synthesis from sulphide
ores has not been reported in contemporary literature yet.

By means of chemical replication, we wanted to establish the
feasibility of the reactions and the role of the grinding, to deter-
mine whether it was merely a matter of size reduction and
homogenization of the powder or it was a rst fundamental step
of the process.

Results and discussion
Synthesis of cinnabar from sulphur and mercury

The synthesis of mercury sulphide from sulphur and mercury is
a known process, reported in modern literature as a common
procedure for the production of vermilion in mediaeval Europe,
though the reaction has deeper roots in the past.12 Indeed, there
is a rich corpus of sources dating from the rst to the tenth
century which describe the synthesis of cinnabar. Two detailed
accounts come from late Byzantine sources.

Text 1: Byzantine anonymous recipe.13

The making of cinnabar. You must put unburnt sulphur, one
ounce, and mercury, two ounces, in a mortar. Aer grinding them
both in the mortar for a day, put them in a glass ask and seal its
opening with a three-ngers thick reclay made of mud and coal.
Put them on a re for the spontaneous digestion for 6 to 9 hours,
then take it out and you will nd an iron-coloured mass. Grind it
several times in the sun with water. In fact, the more you grind, the
more it turns yellow. Indeed, unburnt sulphur makes volatile
substances xed.

Text 2: Byzantine anonymous recipe.14

Preparation of cinnabar. Take mercury, two parts, naturally
occurring sulphur (sulphur vivum) that has been ground, (a part),
pure urine, a part. Take a clean, hard ask, which is resistant to
a smokeless re, and put the mixture in it. Do not ll the ask, but
rather let it remain empty for two or three ngers. Mix all the
ingredients together and set up an oven similar to the one used by
glassmakers. The ask must be large. Leave enough room (in the
oven) to t the ask, split the reeds, and light the oven. There must
RSC Mechanochem.
be a little window where the ame can escape all around. This is the
sign that the mixture is cooked: look at the empty part of the ask,
and if you see a rising smoke that looks purple and has the colour of
cinnabar, you must know that it is done. Do not allow the glass to be
heated any longer. In fact, glass will break if you continue to heat it
up too much.

The rst recipe describes a two-step procedure: a rst step in
which a mechanochemical reaction is involved, and a second
step in which the ground mixture is heated in a vessel. The
second recipe cursorily refers to the grinding of sulphur, and it
does not provide detailed description of the procedure, but it
only mentions the heating at high temperature and the smokes
that rise from the vessel.

Upon grinding sulphur and mercury with mass ratio 1 : 2,
which correspond to large excess of sulphur (see ESI† for more
details), as describes in the rst recipe (Fig. 1a), the formation of
a greyish powder is observed aer several minutes of grinding
(Fig. 1b); going on with the grinding, all mercury and sulphur
are converted into a black powder (Fig. 1c) and drops of mercury
are no longer visible in the mortar. This is something that
probably caught the attention of the ancients, as the formula-
tion “sulphur makes volatile substances xed” suggests.

The black powder obtained aer three hours of ball milling
was identify as unreacted sulphur and metacinnabar, a well-
known polymorph of mercury sulphide, metastable at room
temperature but thermodynamically stable at high tempera-
tures, above about 370 °C.15 Interestingly, when the reaction is
carried for six hours, the black powder is a mixture of the two
polymorphs of mercury sulphide (Fig. 2). The possibility of
obtaining cinnabar and metacinnabar by grinding has been
recently reported by Fukuda et al. but despite the time of
grinding they never observed the total conversion of the black
pigment into the red one.16

Since the mechanochemical reactions between sulphur and
mercury may occur in several steps, we decided to monitor its
progress in order to get a better understanding of the chemistry
involved. As shown in the graph in Fig. 3, the appearance of the
metacinnabar was already detectable in the rst minutes and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRPD pattern of the ground powder obtained upon grinding
sulphur and mercury for six hours at 25 Hz. Phase identification was
performed using the PDF 2 release 2004 database. Sulphur was not
detected after 6 hours of milling, probably due to its amorphization.
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lasted for all the three hours of the reaction, without the
appearance of cinnabar phase, and with the peaks of unreacted
sulphur still detectable.

Moving on to the second step of the procedure, which
involved the heating of the ground powders, it is possible to
convert the metacinnabar into the red form. When meta-
cinnabar is annealed, it allows the spontaneous conversion
from metacinnabar to cinnabar, as the powder is cooled down
(Fig. 1e). Sometimes, however, the conversion does not occur,
probably due to the presence of some impurities. In that case,
the formation of red cinnabar can be trigged by grinding the
powder. Indeed, in the recipe one can read “the more you grind,
the more it turns yellow”. The word for “yellow” in the Greek
original text (xanqó2, xanthós) covers a whole spectrum of hues,
from blond hair to the reddish blaze of re; therefore, it can well
be interpreted as a kind of golden red, and it is sometimes
associated with cinnabar. In the second recipe (Text 2), the
grinding step of the synthesis is not mentioned. However, there
is a precise description of the heating conditions, in which “an
oven similar to the one used by glassmakers” is used, whichmeans
that the recipes require a high temperature (about 600–800 °C).
In order to replicate similar heating conditions, we have used
a custom-made furnace with charcoal as fuel. The furnace has
a hole from which air can be blown inside to increase the
temperature (see ESI† for more details).
Fig. 3 Time evolution of the milling reaction between sulphur and
mercury. Milling conditions: 50 Hz for three hours with three 4 mm
steel milling balls.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Mercury and sulphur, without being ground together
beforehand, were placed in a home-made crucible and heated at
high temperature (about 600 °C) for three hours: at the end of
the reaction, a black powder was present inside the crucible,
and this converted into a red powder (cinnabar) upon grinding.

The importance of grinding, as well as that of the heating
process was clearly emphasized by the Graeco-Egyptian alche-
mist Zosimus of Panopolis (3rd–4th cent. CE).

Text 3: the book of the keys of the work, attributed to Zosi-
mus of Panopolis, book 2 .17 I taught you that what makes every
work perfect is cooking and grinding. If you seek the truth, know
that mercury is what transforms natures (that) are conned/xed in
it and through it.

Although the reaction can happen by simple heating,
grinding the reagents is a crucial element of the procedure. The
milling of mercury and sulphur is an important step to avoid
the need for high temperature, and increases the yield of the
reaction too. In fact, by heating mercury and sulphur at 350 °C
without grinding, the reaction occurs only partially and meta-
cinnabar is found condensed on the lid, mixed with sulphur. On
the other hand, using a higher temperature increases the
sublimation of the reagents, as well as their loss, which leads to
a lower yield.11
Synthesis of cinnabar from mineral sulphides and mercury

Interestingly, sulphur was not the only substance that the
ancients used to «x» mercury. The alchemist pseudo-
Democritus (1st cent. CE) in the section on the making of gold
of his books on dyeing wrote.

Text 4: pseudo-Democritus, on the making of gold, §1 .18 Take
mercury and make it solid (let. ‘x/freeze it’) with the body of
“3agnesia”,‡ or the body of Italian stibnite, or with unburnt sulphur,
or with moon foam, or with roasted lime, or with alum from Milos, or
with orpiment, or according to your knowledge.

Among the ingredients listed in the recipe, some of which
are not easy to identify, the presence of two mineral sulphides,
namely orpiment (As2S3) and stibnite (Sb2S3), both well-known
by the ancients, caught our attention. The use of both
minerals to treat mercury is well attested in the Syriac and
Arabic traditions of Zosimus' works.

Text 5: Zosimus of Panopolis, Syriac, book on Mercury.19,20

The mercury that we have detected is solidied by orpiment or
realgar or white lead or “3agnesia” or Italian stibnite. It is indeed
solidied by those substances in which the philosopher (i.e.,
pseudo-Democritus) said that it is contained.

Likewise, in the Arabic dialogue entitled Tome of Images
attributed to Zosimus, we nd the following description of the
‘reaction’ between mercury and orpiment (here called ‘the male’,
from its Greek name arsenikón, which literally means ‘male’)

Text 6: Zosimus of Panopolis, Tome of Images, book 2 .21 Do
you not see how the sage said: ‘if you put the mercury from cinnabar
with it (i.e. ‘the male’), then a great secret belongs to them’? she
said: ‘And what is that secret?’. He said: ‘Take the two and mix
‡ The term 3agnesia is a transliteration of the Greek word present in the ancient
manuscript. Up to now there is no certain identication of this ingredient

RSC Mechanochem.
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Fig. 4 Left: powders obtained upon grinding mercury with As4S4,
As2S3 and Sb2S3 respectively, from top to bottom. Right: comparison
between XRPD patterns of the ground powders with that of meta-
cinnabar (i.e. black HgS).
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them. Aer mixing them until they thicken, you will nd that the
mercury becomes thick and the male turns into ashes, hidden in the
mercury’.

Zosimus claimed that, if orpiment is mixed with mercury,
the metal “becomes thick”, again, conveying the idea that this
arsenic sulphide could be used for “xing” mercury. Moreover,
in various writings (Texts 4 and 5) Zosimus also mentions
realgar along with orpiment. All those recipes suggest that
ancient practitioners included orpiment, stibnite, and realgar
under the same group of substances as sulphur, recognizing
a common nature in them, long time before the chemical
composition of the minerals became part of the scientic
discourse. Indeed, in De materia medica, Dioscorides (1st cent.
CE) claimed that realgar smells like sulphur, and that it can be
treated in the same way as orpiment.§

In light of all these sources, we decided to set up experiments
to investigate whether mineral sulphides, such as orpiment,
stibnite and realgar, can be used in place of sulphur in the
synthesis of cinnabar, or in other word, to make mercury solid.

We followed the steps reported in the Byzantine anonymous
recipementioned above (Text 1) as well as Zosimus' belief (Text 3):
“what makes all the work perfect is cooking and grinding”. First, we
ground mercury with each of mineral sulphides mentioned in the
sources. The grinding was done with a ball miller, not only to
avoid inhaling the toxic powders, but also to reduce the reaction
time. The mass ratio between mineral sulphides andmercury was
1 : 2 as suggested by the sources, which corresponds tomolar ratio
around Hg : S 1 : 1 (see ESI† for more details).

In all the reactions, mercury drops are no longer visible aer
grinding and, in the case of orpiment and realgar, a black
powder is formed, while the stibnite is already black at the
beginning (Fig. 4, le). It is worth noting that all the powders
obtained aer grinding look alike in colour and no mercury
droplets are detected.

The ground powders were analysed with XRPD. In the reac-
tions of orpiment and realgar with mercury, the characteristic
peaks of metacinnabar along with peaks of unreacted reagents
are present in the patterns (Fig. 4, right and Fig. S11 and S16†),
§ “Youmust select the realgar that is deep red, [friable], easily triturated and clean,
having the colour of cinnabar, and also smelling like sulphur. It has the same
properties and it is baked the same way as orpiment” (Dioscorides, De materia

medica, V 105, 1st century CE, transl. Beck, 2011, 385).

RSC Mechanochem.
while the formation of metacinnabar is not observed using
stibnite, even aer prolonged grinding; yet mercury drops as no
longer visible. In all three cases the high background in the
pattern suggests the presence of amorphous phases due to
unreacted mercury, amorphous sulphide, and/or amorphous
products.

The mechanochemical reactions between mercury and
mineral sulphides were followed at the mSpot beamline BESSY
II, which showed the formation of metacinnabar aer a couple
of minutes in the case of orpiment, and aer one hour in the
case of realgar (Fig. 5). We were not able to gain more infor-
mation about the chemistry of the reactions, because no tran-
sient species or metallic arsenic were detected while milling.
When it comes to the milling of mercury with stibnite, no
reaction occurs (Fig. S20†), as already observed in the previous
experiment.

While the oxidation of mercury and the production of met-
acinnabar are evident, determining which species undergoes
reduction was challenging. The simplest explanation is the
reduction of arsenic to As(0), which is known to have different
allotropes: grey arsenic (the stable form at ambient condition),
yellow arsenic (most unstable; it decomposes quite readily,
especially when exposed to light) and black arsenic; this last can
be amorphous.22 Amorphous black arsenic can be hidden in the
broad background of the diffraction patterns, always present at
the end of milling, and by the black colour of metacinnabar in
the samples themselves.

In order to obtain the desired cinnabar, we heated the
powders at 350 °C for three hours in separate Kjeldahl asks,
the same condition used in the rst reaction.

Several substances condensed on the wall of the Kjeldahl
ask which were analyzed separately from the powder le on
the bottom of the ask (Fig. 6).

In the case of the reaction with the arsenic sulphides, the
residual powder at the bottom of the ask contains only meta-
cinnabar with a very at background; whereas the powder collected
from the glassware is mainly arsenic oxide and metacinnabar.

In the case of mercury ground with stibnite, upon heating
the formation of metacinnabar occurs which is detected along
with antimony oxide in the residual powder at the bottom of the
ask (Fig. S24†), while on the glassware only droplets of
mercury are recovered.
Fig. 5 In situ XRPD of the milling reaction between mercury and
orpiment (left), mercury and realgar (right). Milling conditions: 50 Hz
for three hours with three 4 mm steel milling balls.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Kjeldahl flasks at the end of the heating step of (a) Hg and
orpiment, (b) Hg and realgar, (c) Hg and stibnite.

Fig. 7 XPS spectra of arsenic sulphides reaction mixtures ground and
heated at 350 °C. In particular, black lines: (a) orpiment–mercury
mixture collected from the neck of the glassware (As2S3-neck); (b)
realgar–mercury mixture collected from the neck of the glassware
(As4S4-neck); (c) realgar–mercury mixture collected at the bottom of
the flask (As4S4-bottom); (d) stibnite–mercury mixture collected at the
bottom of the flask (Sb2S3-bottom). Red dashed lines represent the
cumulative fitting of the spectra.

Fig. 8 Comparison between XRPD patterns of the ground powders
heated at high temperature (600 °C) with that of cinnabar and
metacinnabar.
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The presence of arsenic oxide and antimony oxide can be due
to the decomposition of the relative sulphide or the oxidation of
the metal (both reactions happen at high temperature in pres-
ence of oxygen).23 The second case would support the reduction
of the arsenic suggested before. Because the as-received
mixtures were heated in air in the second step, this scenario
is highly probable. It is worth noting that, in the case of the
reaction with arsenic sulphides, no unreacted mercury was
observed hence we can consider that the reactions (1) and (2)
reached the completeness.

4Hg(l) + As4S4(s) / 4HgS(s) + 4As (amorphous) (1)

3Hg(l) + As2S3(s) / 3HgS(s) + 2As (amorphous) (2)

Upon heating the As(0) oxidizes into As2O3 which is volatile
and it is recovered only on the glassware.

To grasp more information, the powders at the end of the
heating step were analysed with X-ray photoelectron spectros-
copy (XPS) to determine the oxidative state of the present
elements. The powders at the bottom of the ask (As2S3-bottom,
As4S4-bottom and Sb2S3-bottom) were analysed separately from
the ones on the glassware (As2S3-neck and As4S4-neck). The As
3d XPS spectra for the arsenic sulphides–mercury mixtures are
provided in Fig. 7a–c. For orpiment–mercury mixture, no
arsenic was detected in the powder at the bottom of the ask.

The powders of the reactions with both arsenic sulphides
collected from the ask neck (Fig. 7a and b) clearly show the signal
of the arsenic peak with a binding energy above 45 eV conrming
the presence of 3d5/2 peak of arsenic in oxidation state (III), which is
in accordance with the As2O3 compound in literature, and
consistent with the presence of As2O3 observed in the XRPD for
these samples. The tting of the As 3d spectra showed the pres-
ence of another small peak located at 44 eV. This most probably
belongs to the As(III) of a small amount of non-reacted arsenic
sulphides.24 Upon analysing the powders collected from the
bottom of the ask, the presence of arsenic was detected only in
the case of realgar–mercury reaction (Fig. 7c) and it was absent in
the one with orpiment. The reason for this most probably a more
complete reaction in As2S3 + Hg system. More interestingly, the
binding energy of the arsenic in As4S4-bottom sample is
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicantly different from the ones collected from the neck
(As4S4-neck), thus pointing to the presence of arsenic in a different
compound. The main peak is located at 43.3 eV, which could be
a proof of the non-reacted realgar As4S4. The binding energy of
elemental arsenic As(0) is even lower, i.e. around 41.5 eV and thus,
its presence cannot be conrmed. This sample also contains As2O3

as documented by the peak at 45.6 eV, so even it is not visible in the
XRD pattern (see Fig. S18†), it might be present on the surface.

The Sb 3d/O 1s XPS spectra of the sample collected aer
heating the ground stibnite–mercury mixture exhibits four
peaks. The two most intensive ones (3d5/2 and 3d3/2) are located
at 531.0 and 540.4 eV, respectively. They correspond to anti-
mony in oxidation state (III)25 and this is in agreement with the
presence of Sb2O3 observed in the XRPD pattern. The doublet
separation is 9.4 eV, which is in perfect agreement with litera-
ture. For the peak at 531 eV, a shoulder peak at 529.0 was found,
and this belongs to oxygen (O 1s) in oxidation state (II) in Sb2O3.
RSC Mechanochem.
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Most importantly, two other peaks at 527.0 and 536.2 eV
belonging to elemental antimony Sb(0) were identied, thus are
a proof of the antimony reduction from sulphide to its
elemental form during mechanochemical reaction and/or
subsequent heating. Interestingly, under these conditions, the
conversion of metacinnabar to cinnabar was not trigged, even
upon grinding. It could be partially observed, though, when the
temperature was increased at 600 °C by mean of the furnace
(Fig. 8). We suppose that the presence of impurities could have
prevented the conversion.

Conclusion

This work presents the fruitful collaboration between chemists
and philologists who apply their textual research to the study of
the history of science. This allowed the analysis and replication of
ancient recipes for the synthesis of cinnabar. Although these
recipesmay not have immediate technological signicance for the
modern world, they provide a glimpse into how our ancestors
conceptualized the nature around them and allow us to widen our
understanding of the earliest phases of the history of chemistry.
While the work of philologists is essential for reading and
contextualizing the sources, the laboratory replication by chemists
explores the feasibility and materiality of the recipes.

The recipes discussed here deal with the reaction of mercury
with sulphur (which has been previously reported) as well as
with the much less investigated reaction of mercury with
mineral sulphides.

The replications proved the formation of HgS in all cases,
mainly metacinnabar from grinding which converts to cinnabar
upon heating, except when using stibnite, that requires heating
to trigger the reaction. From the sources, it emerges that the
ancient practitioners identied the close relation between
sulphur and realgar, orpiment, and stibnite. Indeed, they
recognized that sulphur and arsenic/antimony sulphides can
have a similar role in the synthesis of cinnabar.

In the cases of realgar, orpiment, and stibnite, we did not
clearly detect metallic arsenic or antimony. It is plausible,
however, that the oxidation of mercury to mercury sulphide is
due to the reduction of the arsenic or antimony into As/Sb(0)
which then reacts with the oxygen to yield the relative oxides.

The absence of visible secondary products and the observation
that liquid mercury disappears during the grinding step are
possibly to be linked to Zosimus' idea: “that mercury is what trans-
forms natures (that) are conned/xed in it and through it” (Text 3).

Our replications conrm the importance of grinding in the
procedures. Themilling process shows a dramatic change in the
initial compounds. This is visible already to the naked eye, in
the form of colour change and the disappearance of mercury
drops. Nowadays, we are able to detect the formation of the
metacinnabar with XRPD. Furthermore, the black powder ob-
tained in this way, that is metacinnabar, can be easily converted
by heating into the red form, which is the desired goal of the
procedure, namely cinnabar.

Although cinnabar can be obtained just by heating, the
milling step has several advantages. Without grinding the
reagents, higher temperatures are needed (as reported in the
RSC Mechanochem.
primary source), which implies the use of a more sophisticate
oven and, eventually, the sublimation and decomposition cau-
ses loss of reagents and lower yields.

When the reagents are ground to form metacinnabar by
a mechanochemical reaction, mild heating is enough for the
subsequent annealing process to convert it to cinnabar,
reducing the loss of reagents by sublimation and increasing the
yield of the reaction.

In this context, it is easy to understand why Zosimus, who nds
in grinding and heating the perfect sequence for the trans-
formation of matter, concludes with the statement: “I taught you
that what makes every work perfect is cooking and grinding”.
Materials and methods
Milling condition

A Retsch MM200 ball mill was used for the mechanochemical
reactions, using 1 mL steel jars that contained three steel
spheres (Ø= 3 mm, 0.545 g) at 25 Hz; in order to obtained more
homogenous milling condition, the jars were opened each 90
minutes and the content was removed from the jars walls and
manually mixed.
Heating condition

A heating mantle was used to reach 350 °C; the mixture of
sulphur and mercury was heated in a round-bottom ask with
a watch glass lean on top, in order to avoid the loss of toxic
fumes and the increase of pressure. The mixture of mineral
sulphides and mercury were heated in a Kjeldahl ask with
a septum on top of the neck. For reaching higher temperature
a custom-made furnace with a hairdryer was used (Fig. S8†); the
reagents were inserted in home-made clay crucibles; the
temperature was controlled with a thermocouple.
X-ray powder diffraction

For the purpose of identifying the individual phases, XRPD
patterns were collected using a PANalytical X'Pert Pro Auto-
mated diffractometer equipped with an X'celerator detector
conforming to Bragg–Brentano geometry; Cu-Ka radiation (g =

1.5418 Å) without a monochromator at 2q ranged between 7°
and 90° (step size: 0.033°; time per step: 20 s; Soller slit: 0.04
rad; antiscatter slit: 1; divergence slit: 1/2; 40 mA × 40 kV).

PDF2 release 2004 was used for phase identication.
In situ powder X-ray diffraction

In situ X-ray diffraction data were collected at 30 s intervals at the
mSpot beamline (BESSY II, Helmholtz Centre Berlin for Materials
and Energy) in a vibration vertical ball mill (Pulverisette 23,
Fritsch, Germany). The reactions were performed at 50 Hz with
three 4 mm steel milling balls using a custom-made Perspex
grinding jar. The experiments were conducted with a wavelength
of 0.7314 Å using a double crystal monochromator (Si 111). The
obtained scattering images were integrated with the Dpdak-
soware and background corrected with a Python script.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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X-ray photoelectron spectroscopy

The X-ray source is a not-monochromatized Mg anode that
generates a MgKa photon at 1253.6 eV. The electron energy
analyzer (a VSW HA100 hemispherical electron energy analyzer
with a PSP power supply and control) can work at different
resolutions depending on the Pass Energy (PE) and the slit
aperture (1 × 10 or 5 × 10). We performed the following anal-
ysis on each sample: a long energy range spectrum at low
resolution (PE = 50 eV, D = 1 eV) to identify the chemical
species and high resolution (PE = 20 eV, D = 0.025 eV) spectra
for every core level detected. Slits have been xed at 1 × 10.
Powders were supported on carbon tape xed on a silicon wafer
(12 mm × 12 mm).

Synthesis condition

The amount of reagents used in the mechanochemical reac-
tions was based on the recipe 1. The mass ration indicated the
recipe was one ounce of sulphur (S) and two ounces of mercury
(Hg). We used 350 mg of sulphur and 700 mg of mercury which
corresponds to a molar ratio 3 : 1 S : Hg.

The same mass was used when the sulphur was replaced by
mineral sulphides. Under this condition, the molar ratio, esti-
mated considering the mineral sulphide pure, is different for
each sulphide, in particular the ratio S : Hg is 0.9 : 1 for realgar
1.1 : 1 for orpiment and 0.9 : 1 for stibnite. Sulphur was
purchased from Merck and mercury was recovered from old
electrodes; the sulphides were obtained by grinding the corre-
sponding mineral.
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