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This work presents a development of a new radiocarbon dating system based on CO, and lig-
uid scintillation counting. The system is flexible enough to be applied in different fields such
as radiocarbon dating (up to about 32 000 years span), environmental radioactive monitor-
ing, and determining the fraction of biological carbon in environmentally-ecologically safe
biodegradable and bio-synthetic products, and help accreditation to customaries.

The implemented system is developed following the standard method (ASTM D6866-06). It
has been calibrated tested and verified for CO, production, absorption, and counting (using
appropriate reference materials for the present-day, fossil, and in between ages). These results
are optimistic that the developed system can contribute to the accreditation of ongoing and
upcoming environment- friendly productions.
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INTRODUCTION

The '*C is one of three naturally occurring carbon
isotopes. It is radioactive with a half-life equal to 5730
years and decays by emitting a S-particle with an energy
of about 156 keV. On the surface of the earth, the abun-
dance of natural '*C is very low (107'?) relative to the
other two stable carbon isotopes '2C (98.9 %) and !3C
(1.1 %) [1]. The '*C has two modes of production (natu-
ral and man-made). Natural production takes place due to
nuclear reactions between cosmic rays neutrons and at-
mospheric nitrogen that gives a nearly constant rate of
atom production, 2.5 cm?s' [2]. The artificial
man-made production takes place due to the thermonu-
clear tests that started in 1950 and generated high neutron
flux which activated the atmospheric '“N and produced
14C. The production increased with the increase of the
tests and reached its peak in 1963 as shown in fig. 1 [3].
The artificially produced “C activity has continually de-
creased on account of wash-out action by exchange with
ocean sink. The combustion of fossil fuel (e.g. coal, pe-
troleum) in the early 20™ century led to a dilution of '4C
level due to the production of '“C free carbon, Suess ef-
fect, this effect is also shown in fig. 1[4, 5].

The produced radiocarbon either natural or man-
made mixes with atmospheric carbon and is oxidized
into CO, and passes through the natural carbon cycle,
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from the atmosphere to the biosphere, hydrosphere,
and lithosphere, fig. 2 [6]. The atmospheric CO, is
taken by plants through the photosynthesis process
and reaches the soil zone through respiration or decay
after a plant or animal death. The soil CO, can be dis-
solved with infiltrated water and reacts with soil car-
bonates to form inorganic carbon which reaches
groundwater with organic carbon. Another part of the
atmospheric CO, directly reaches the hydrosphere
(rivers, lakes, sea, etc.) and exchanges with carbona-
ceous species and component, some are settled to the
sea bottom, and also reaches the lithosphere through
the transgression of seawater inland.

The balance between the production and decay
of radiocarbon relatively amounts to the natural abun-
dance of 107!2 which is equivalent to a value of 13.56
decay per minute per gram of carbon (dpm/g.c.) that
represents the atmospheric carbon content of modern
materials. This value is referenced to the time before
1890 (i. e., before industrial effects or nuclear effects).
The percentage of the radiocarbon content to the value
of 13.56 dpm/g.c. is called percentage modern carbon
(pmc), which is the unit used for radiocarbon dating.
The radiocarbon dates are determined by relating the
radiocarbon content of the samples to that of the oxalic
acid standard (OX1) which has 95 % of its activity
equivalent to the 100 pme, New oxalic acid standard
(OX2) is being used which has 75 % of its activity
equivalent to the 100 pmc [7]. The “C ages are re-
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ported as 4C years BP, where the BP is before present
(i. e. before 1950).

As much as living things are in contact with the
atmosphere, they acquire the radiocarbon content
which expresses the balance between production and
decay. Once living things lose the contact with atmo-
sphere either by death or burial deep underground (as
groundwater when leaves the unsaturated zone), the
loss due to radioactive decay will not be compensated.
The radiocarbon content will exponentially decrease
by decay according to its half-life time till it is com-
pletely lost after about 50 000 years (i. e. fossil fuels
and geologically aged materials don't have radiocar-
bon in their content). Radiocarbon dating of carbona-
ceous material is based on measuring the exponential
loss of atmospheric '*C content, which starts at the
time of atmospheric contact cut.

The recent increase in atmospheric CO, and the
consequent effects on the global climate and environ-
ment have resulted in new interest in fossil carbon emis-
sions and renewable sustainable resources (IPCC 2007)
[8]. Within this framework, radiocarbon analysis is gain-
ing ever-increasing importance as a well-established
method for distinguishing the CO, gaseous emissions,

the biogenic — recent content which is '“C-rich from fos-
sil component which is '“C-absent. The growing
promotion of and demand for renewable raw materials
and environmentally friendly products (undoubtedly
lead to the need for a standardized analytical protocol for
traceability and labeling biobased products [9]. The CO,
direct absorption method developed in this work can be
applied to all carbon-based products and was approved
by the american society for testing and material (ASTM)
No. ASTM 6866 [10]. It is gaining increasing impor-
tance as a well-established method for distinguishing
biogenic from fossil CO, and for certifying the biogenic
fractions of biobased products.

EXPERIMENTAL WORK
AND METHOD USED

The International Standard Test Methods for de-
termining biobased content using '“C analysis are
three methods, that have been described in the ASTM
D 6866 guidelines (ASTM International 2011, 2012).
Method (A), Direct absorption of CO, and liquid scin-
tillation counting is simple, safe, and results in signifi-
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cantly reduced analysis time and cost as compared to
the other two methods.

The method can be used for organic and inorganic
carbonaceous materials in air, water, soil, plants, sedi-
ments, oils, shells,. . .etc. It is reliable for radiocarbon dat-
ing in a range of maximum limits of 31000 years, which
corresponds to a combined uncertainty of 2 %, Curries
1995, (which is also defined by [9, 11-15] as <2.2 % de-
viation from target value), standard deviation of 1.1 %
and a relative error of 0.53. Recently, the method has
been successfully used for the evaluation of 'C activities
in atmospheric and biological samples (Broni et al.
2009), for routine analysis of water samples in '*C moni-
toring programs at nuclear power plants (Varlam et al.
2007), as well as for the certification of biobased prod-
ucts, which are presently of great concern (Noakes et al.
2006 and Norton and Devlin 2006). The indicated CO,
absorption method has been developed in this work, ac-
cording to the following steps:

The CO, is produced from the carbonaceous
samples either by wet or dry combustion, it is then ab-
sorbed and chemically trapped as a carbamate in a suit-
able absorbing solution and gravimetrically measured,
and analyzed by liquid scintillation counter (LSC) to
determine the '“C content. The developed apparatus is
shown in fig. 3, it is composed of a gas production sys-
tem (e. g. CO, derived from acid hydrolysis of carbon-
ates or oxidative combustion bomb for organic sam-
ples) with an inlet for gas into decontamination and
water removal traps, flow meter, vacuum pump, pres-
sure gauge and absorbing solution (CarbosorbE® +
Permaflour) in water ice bath [16].

The weighted CO, absorptive solution is radiocar-
bon measured using the low-background LSC, Quantulus
1220 by PerkinElmer. The liquid scintillation counter
measures the energy released from the radioactive sub-
stance that activates the fluorochrome to the excited state.
The fluorochrome then emits the energy as light photons
that can be measured by photomultiplier tubes. The mea-
surements take place as counts per minute that are cali-
brated into radioactivity using standards, spikes, and back-

Figure 3. The system for
CO, absorption

ground. The preparation lines and the counting conditions
established and followed in this work comply (with some
modifications) with the optimized terms ('*C window,
counting efficiency, figure of merits, quenching index)
described in the article of HorvatinCic, ef al. 2004 [17].

SYSTEM DEVELOPED AND
RESULTS OBTAINED

The following four steps have been followed and
the necessary flow lines have been developed for ra-
diocarbon measurements using CO, absorption and
liquid scintillation counting:

Carbon dioxide preparation
from samples

The method used for CO, preparation from the
sample for radiocarbon measurement depends on the
nature of'its carbon species (i.e. acid hydrolysis is used
for inorganic carbon species and oxygen combustion
is used for organic carbons). The samples used in this
work are of organic carbonaceous origin, they are oxi-
dized into CO, gas before analysis using an oxygen
combustion bomb at a high pressure of about 30 atoms
and electricity for ignition. The molecular weight of
the carbon species of the samples determines the
weight used for analyses. The weighted sample is put
into the container in the high-pressure tank, then the
electric circuit is closed between the electrodes of the
tank lid and the samples inside it. The oxygen gas re-
places the air in the tank and its pressure is regulated
before combustion using an oxygen pump. One water
sample from River Nile was used in this work as a rep-
resentative of present-day radiocarbon concentration,
its dissolved inorganic carbon (DIC) content was pre-
cipitated as BaCOj; (using BaCl, in alkaline condition)
which is dissolved using dilute phosphoric acid to get
CO? liberated.
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Carbon dioxide absorption

The system developed for CO, absorption is
shown in fig. 3. It is matchable with the optimized
work of Horvatin€ic, et al. 2004 [17]. The storage steel
container which contains the produced CO, gives the
way to sequential decontamination traps (Silica Jell &
KI/I2 & AgNO; & K,Cr,0,/H,SO,) and dehydration
trap (Liquid Nitrogen / Acetone) with a needle valve
for regulating CO, flow rate. The system is interlinked
with a vacuum pump, pressure gauges, absorbing so-
lution, bubbler, and ice bath.

The whole absorption system is vacuumed before
admitting the CO, gas into it. The CO, then passes through
the decontamination and dehumidification traps. The CO,
which is frozen into the liquid nitrogen trap is sublimed
into a gas and passes under vacuum to the absorp-
tion/scintillation cocktail vial where is absorbed in the
scintillation cocktail (10 ml:10 ml mixture of carbosorb
and permafluor scintillator). The CO, flow rate is adjusted
to amedium value of about 70 ml/min which is suitable for
the gas to react and continue absorption till the absorption
solution becomes saturated with CO, gas under equilib-
rium (in about 15 minutes + 10 minutes excess to assure
saturation). The absorption process is exothermic, so the
vial is put into an ice bath. The bubbles appear in the
bubbler at the end of the line, indicating that the absorption
mixture 18 almost saturated with CO,. At the end of the
process, the vial is removed from the line and weighed to
gravimetrically determine the amount of the absorbed
CO, and the degree of saturation of the amine.

The '*C analysis using a liquid
scintillation counter

The weighted CO, absorptive solution is radio-
carbon measured using a LSC. The measurements take
place in optimized conditions in terms of '*C window,
counting times, counting efficiency, and quenching in-
dex (SQP). The background of the instrument and the
counting efficiency was determined using CO, de-
rived from acid hydrolysis of limestone sample and
combustion of oil samples. The present-day radiocar-
bon calibration was conducted by using CO, produced
from acid hydrolysis of NIST Oxalic acid standard,
Oxalic II (49960c). The optimized measuring condi-
tions applied in this work are as follows: counting win-
dow was established to be between channels 140 and
375, the total counting time was set at 600 min to
achieve statistical significance, and the BKG and STD
count results in a counting efficiency of about 65 %
which is comparable to reviewed optimized work.

System calibration and
biogenic/fossil carbon determination

The amount of biobased carbon can be ex-
pressed as a fraction of sample mass or total carbon
content. Products containing only carbon from fossil

resources no longer have any '“C activity and are re-
ported as having a biobased content of 0 %. On the
other hand, products containing only carbon from
bio-renewable resources have a strong '“C signature
matching that of contemporary carbon sources and are
reported as having a biobased content of 100 % [18].
Combining fossil carbon with modern carbon gives in-
termediate values for the biobased content, which are
directly proportional to the concentration of modern
carbon in the sample. The oxalic acid standard (OX2)
has been used to qualify the modern radiocarbon while
Oil and geologically aged limestone have been used to
qualify the absence of radiocarbon in the fossil carbo-
naceous ones and present the background for the
whole process. The (sugar and present-day Nile water)
on one side and (polyethylene and petroleum oil) on
the other side have been radiocarbon measured and
used as end members for calibration.

A linear correlation Calibration Curve has been
constructed, fig. 4, between the two end members of
pure biogenic carbonaceous materials (represented by
sugar and River Nile Water samples) and pure fossil
synthetic carbonaceous material (represented by poly
ethylene and petroleum oil samples). To validate the
developed method, four samples have been prepared
(as mixtures between sugar and polyethylene), these
were used as test samples that showed a match 0f0.988
with the end members calibration curve (y =0.0335x +
+4.175), fig. 5. Because of the good linear correla-
tions reached in this work, it can be successfully used
to quantitatively determine the biocarbon fraction in
the present day produced biobased materials (using
the count per minute (cpm) of the measured sample).
Table 1 shows the average value of the triple samples'
cpm, their uncertainty, and standard deviation, the val-
ues agree with previous work on the methodology.

CONCLUSIONS

A new method has been developed for sample
treatment and liquid scintillation counting of radiocar-
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Table 1. Average cpm, uncertainty, and standard deviation
of the study samples
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100 7.523 0.075 0.043

bon content of carbonaceous samples. This is based on
vacuum equilibrium absorption of samples CO, on
carbamate — scintillator mixture. The developed method
is simple, quick, and cheap and requires less carbon con-
tent in the measured samples (0.5 g).

The accuracy of the developed method is not high
as that of the benzene synthesis method but is quite
enough for important applications (e. g. geological and
hydrogeological dating up to 32000 years, monitoring
purposes at environmental levels, determination of
bio-based fraction in bio-based materials, and other).

The developed system has been calibrated using
standard carbonaceous materials that have '“C content
representing the two end members of the radiocarbon
time scale (present- day origin and synthetic fossil ori-
gin). The system has been optimized and verified us-
ing check-test samples of mixing proportions in the
range of the two end members, which show a 98 %
match with the pattern of the two end members.

A CO, absorption system for radiocarbon mea-
surements (using a liquid scintillation counter) has
been developed in this work. It is ready for use for dif-
ferent types of environmental samples (air, water,
plants, sediments, oils) in a wide range of applications.
This work introduces a calibration curve ready for de-
termining the biogenic carbon fraction of bio-based
materials, directly using a strong linear relation, fitting
a good coverage of standardized samples (mixtures
between the two end members of the whole distribu-
tion).
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Mocraga A. CAIAEK, Padgar A. PAJAH, Bamug ®. XAJINJI

PA3BOJ CUCTEMA JUPEKTHE AIICOPIIHUIJIE CO2 3A PAIUOKAPBOHCKO
JATUPAILE 1 OAPELUBAIBE BUOJOMKU 3ACHOBAHOI' YI/BEHUKA Y
BUOTEHO-CUHTETUYKUM ITPOU3BOJANMA

OBaj paji IpeficTaB/ba pa3Boj HOBOT CUCTEMa PaAMOKapOOHCKOT faTupama 3acioBaHor Ha CO, u
TEYHOM CIUHTWIIAIMOHOM Opojamy. CucteM je JOBOJBHO (hJIeKCHOWIIAH Jla Ce MOKE MPUMEHUTH Yy
pasnmuYuTEM O0JIacTAMa Kao INTO Cy pagruokapOOHCKO matmpame (o oko 32 000 roguna), mpaherme
PaInOaKTHBHOCTH KUBOTHE CpEIUHE, ofipehuBame yeaa GHOIOMKOr YIIHeHAKA Y €KOJIOMIKY O6e30eTHIM
OMopa3rpaguBUM U OMOCHHTETUIKHUM MPOU3BOMMA, a TOMaXe U y aKpeUTalHj1 TIOCTYIaKa.

HMmieMeHTHpaHU CHCTEM pa3BujeH je mo craugapaHoj metoau (ASTM D6866-06). Kanubpucan
je, Tectupan u BepudukoBaH 3a npousBouwy CO,, ancopniujy u 6pojame (kKopucrehn onrosapajyhe
pedepeHTHe MaTepujane y cajamme fo6a, (ocmHe n m3meby no6a). OBu pesynratu obehasajy fa
pa3BUjeHN CUCTEM MOXe JONPHHETH akKpeauTauuju TeKyhux m Oyayhux eKOJOImIKM NpHUXBATIHLUBHUX
IPOU3BOAA.

Kmwyune peuu: paouoyzmenux, aiicopiiyuja CO,, itie4Hu cyuHiliuiayuoHu opojay, ppakuyuja buosowku
3ACHOBAHOZ YZ/beHUKA, OAiUparse




