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Abstract: Natural organic dyes and pigments have been used for
millennia to bring colour into our daily lives. Being sourced from
a variety of natural sources, they form an extremely varied and
large class of compounds, all of which retain the atmospheric
“CO, of their year of growth. As such these compounds
represent ideal candidates for radiocarbon ('“C) dating, allowing
the identification of or providing information towards the

period in which the coloured artefact was created. However,

up to now no such analysis has ever been conducted solely

on organic colourants within an object. The complex nature

of the samples and the sample size limitations with respect to
precious and rare art artefacts requires innovative inter- and
multidisciplinary approaches. Here we discuss preliminary
results in the development of a compound-specific radiocarbon
analysis (CSRA) methodology for the analysis of anthraquinone
derived red dyes extracted from dyed wool yarns. The aim

of this research project is to introduce new routes to date
cultural heritage objects, in particular to overcome their intrinsic
complexity through the development of CSRA strategies.
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1. Introduction

Among the variety of analytical tools available to study art-
works, radiocarbon (**C) dating holds great promise in provid-
ing missing information about an object’s historical context.!!
Nowadays, the substantial decrease in sample size requirements
for such analysis has supported the development of new '“C dat-
ing strategies in the field of cultural heritage. While working on
elucidating the origin of a Nazca tunic, Smith ez al. put forward a
novel combined, sequential use of dye analysis and *C dating.[?!
With this strategy it was possible, from a single yarn, to gain both
composition and age information. The sampling requirements
were reduced by a factor of two and the risk of additional dam-
age to the textile was also proportionally limited. This example
demonstrated the complementarity of the two methods in terms
of information output and compatibility. It furthermore paved the
way towards the present research in which not only the textile
but also the extracted dyes may be “C dated. This approach is
both innovative and original in the context of heritage science



CoLUMNS

793

CHIMIA 2023, 77, No. 11

studies, as the chemical identification of the dye may support
geographic provenance but limited chronological information is
gained as natural dyes have been used from 5000 BCE until the
present day.[3# Natural organic dyes, extracted from a multitude
of natural sources, represent an extremely large class of possible
compounds, including anthraquinones, flavonoids, indigoids or
tannins.>! All of these compounds retain a snapshot of the atmo-
spheric “CO, during their year of growth and so are potential *C
measurement candidates. This information may be retrieved by
capitalizing on compound-specific analysis as opposed to bulk
sample analysis as already presented in a perspective paper.©l
Therein, the associated C constraints within the different steps
of the methodology were highlighted covering the chemical ex-
traction, chromatographic separation, and final “C dating (see
schematic workflow in Fig. 1). Here we present follow up results,
focusing on anthraquinone-derived red dyed wool substrates.

2. Materials and Methods

2.1 Red Dyes and Chemicals

Madder roots (Rubia tinctoria L. and Rubia Cordifolia L.) and
cochineal (Dactylopius coccus L.) were purchased from MAIWA
and used as modern standards (F'*C >1). The corresponding
synthetic counterpart of the main coloring agents were used as
depleted standards (F'“C = 0), namely alizarin (C,,H,O,, MW =
240.21 g/mol, Acros organics, purity 97%), purpurin (C, ,HO,,
MW = 256.21 g/mol, Cayman, purity 95%) and carminic acid
(C,H,0,,, MW = 492.39 g/mol, Sigma Aldrich, purity 90%).
Analytical grade solvents were employed for all HPLC related
analyses, namely methanol (Optima, LC-MS grade, Fischer sci-
entific), acetonitrile (Rotisolve HPLC gradient grade, Carl Roth
GmbH, Karlsruhe, Germany) and phosphoric acid (85 wt. % in
H,0, Merck, Darmstadt, Germany) as mobile phase modifier. For
the dyed yarn hydrolysis, HCI 37% (Rotipuran, Carl Roth) was
used while oxalic acid dihydrate was purchased from Sigma Al-
drich.

I Rubia Tinctoria L.
Il Rubia Cordifolia L.
Il Dactylopius coccus L.

HCI

-
o

Dyestuff/yarn [ug/mg]

o

Tested parameters (Acid, time, temperature)

FC

2.2 Sample Preparation

Dyed wool threads (2-3 mg) were placed in 500 pL hydro-
lysis solution and heated in a reactitherm heating module (Ther-
moFischer, Massachusetts, USA). The traditional acid hydrolysis
conditions!”8! involving 37% hydrochloric acid (HCl)/methanol/
water (2:1:1 v/v/v) for 10 minutes at 100 °C were varied with
respect to acid strength (10%, 5%, 2%), time (10-60min) and
temperature (60—100°C). The hydrochloric method was further
compared against a milder protocol involving 4 mM oxalic acid
in MeOH:water (1:1) (OAMW)[2] and again time and temperature
were varied. The hydrolysis step was quenched by cooling in an
ice bath and the samples were dried down under a N, stream at
50 °C. The samples were then reconstituted in a known volume
of methanol and filtered through a 0.22 ym PTFE syringe filter
(13 mm ¢, BGB Analytik AG, Switzerland) prior HPLC analysis.

2.3 Chromatographic Separation

The separation was conducted in parallel at ETH and HEIA
using two different systems. At ETH the separation was conducted
using a Zorbax Eclipse C18 column (4.6 x 100 mm, 3.5 pm) fit-
ted with a Supelco Column saver (0.5 um filter) on a 1260 serie
HPLC system (Agilent, Santa Clara, USA). The compounds were
eluted by a binary systems of solvents, A = milliQ water/0.1%
phosphoric acid and B = methanol. At HEIA, the analyses were
separated on a Adamas C18-Extreme column (4.6x100 mm, 3.5
um) on a Ultimate 3000 HPLC system (ThermoFischer, Massa-
chussets, USA) and eluted with a gradient of milliQ water/0.1%
H,PO, and acetonitrile. The analyses on both system were moni-
tored at 280 and 430 nm. Repeated injections were performed and
allowed to collect ~5-30 ug C of the targeted analytes.

2.4 Radiocarbon Analysis

All samples following preparative HPLC collection were trans-
ferred to pre-cleaned tin cups (V = 0.025 ml, Elementar Analysen-
system GmbH, Germany) and measured at the Laboratory for Ion
Beam Physics at ETH Zurich on the “C dedicated accelerator
mass spectrometer (AMS), also known as Mini-Carbon Dating
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Fig. 1. Schematic diagram of the workflow combining dye analysis with CSRA. Left: Average dyestuff recovery and standard deviation (n = 3) of hy-
drolysed extracts of dyed wool with two madder species and one scale insect source. Right: Measured set of standards for constant contamination
modelling, including stock solution (red filled triangles) and dyestuff isolated from dyed wool yarns following acid hydrolysis (blue triangles) with HCI
(filled) and OAMW (empty). The best fit is represented by the solid curve and the dashed lines the corresponding 1o uncertainty.




794

CHIMIA 2023, 77, No. 11

CoLumMNSs

System (MICADAS).®l The samples were combusted in an ele-
mental analyzer (EA) before direct transfer to the AMS source.[10]

3. Results and Discussion

In order to successfully couple dye analysis and CSRA anal-
ysis targeting natural organic dye molecules, the amount of dye
extracted must be maximized while also minimizing exogenous
carbon contamination (C, ). Limiting and effectively monitoring
C,, during the whole sample preparation process represents the
biggest challenge as the latter may have different sources, from
the chemical extraction (CChemlslry) the sample matrix (C,, ), the
chromatographic separation (C, ), combustion and '*C analysis
(Cppams)- A quantification including both the mass (ug C) and re-
spective isotopic ratio (F'*C) of the added contamination per "“C
analysis is possible via a model of constant contamination. Within
the pilot study C,, parameters were found to be 3.1 + 0.8 ug C with
a FC__ of 0.45 + 0.07,[% which are comparable with other blank
quantification done for other compounds, such as for amino acids
with 2.2 + 1.3 ug C and a F“C__ of 0.25 + 0.09,1!] lignin with 2 +
0.5 ug C and a F“C_ of 0.48 £ 0.10 or even down to 0.9 + 0.2 ug
C with F*C__of 0. 81 0.15,[12.13] benzene polycarboxylic acids
(BPCAs) w1th 1.6 £ 0.7 ug C and F*C,_0.90 + 0.50.1'4 Nonethe-
less, when attempting to reproduce results from the pilot study, 6.5
+ 1.5 pg C contamination were observed, regardless of the labora-
tory where the samples were prepared, either at ETH or HEIA. A
thorough examination of the different sets of reference materials,
which were independently subjected to the different steps of the
process allowed to narrow the contamination source to C,, ., ..
The common denominator was found to be linked to a specific
batch of tin caps, which showed anormalous high carbon content,
with 2.5 + 0.5 pg C as opposed to the typical 0.5-1.0 ug C.15!

Crom 18 comparable between the two laboratories, system and
Columns with 3.5-4 ug C and F“C,__of 0.50 + 0.1. When con-
sidering the sample preparation step, Ceen and C, . are here
interlinked. Indeed, in the case of anthraquinone-based red dyes,
in order for the dyestuff to bind to the textile it is necessary to use
a metal mordant to enhance the dye’s binding affinity towards the
fiber yarn. Commonly, an acid hydrolysis in a methanolic solu-
tion allows to break the dye—metal bond and free the colorant.[16]
While promising for downstream '“C analysis, HCl-based proto-
cols may result in different undesired forms of degradation of the
chromophores!’-17:181 as well as depolymerization of protein-based
fibers, leading to an increased C,,_ . contribution. Hence, milder
alternatives were investigated with two aims; prevent irreversible
sample destruction while still ensuring maximal recovery of the
organic dye. As displayed in Fig. 1 and already observed by differ-
ent groups, HCl-based protocols lead to higher extraction yields of
dye per mg textile.l%-201 Between 2 to 4 fold increase is observed in
comparison to OAMW protocols. Among the different parameters
tested, the acid strength showed to have the most influence on the
dye extraction efficiency. Less aggressive amounts of 5% or 2%
HCI resulted in similar yields with the advantage of causing less
fiber hydrolysis. Increased temperature or longer reaction times
were shown to have little impact other than causing an increased
baseline in the respective chromatogram, indicative of fiber deg-
radation. Regardless of the chosen acid, when plotted along the
model of constant contamination in Fig. 1 (right), all hydrosylates
fell in line with stock solution samples, which had only been sub-
jected to the chromatographic step, indicating that C, <<C, .
This also accords with earlier observations reported by Smith et
al., where despite involving the use of organic solvents and acids
in the extraction step, no cross contamination was observed in the
"*C ages.?l Hence, the major contribution to C_ is C, .
4. Conclusions

The development of CSRA strategies in cultural heritage re-
search follows the growing interest in multi-analytical approach-

es coupling isotopic studies.[?! From the primary identification
of natural organic dyes and pigments, their subsequent dating
by '“C analysis has the potential to provide important clues as
to the chronological context of the object. CSRA appears as a
promising tool to confront many of the different questions aris-
ing in the study of cultural heritage objects, regarding the ori-
gin, art historical, technical, social, cultural background of the
object. The authors will report on their progress in future con-
tributions.
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