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This work pres ents a de vel op ment of a new ra dio car bon dat ing sys tem based on CO2 and liq -
uid scin til la tion count ing. The sys tem is flex i ble enough to be ap plied in dif fer ent fields such
as ra dio car bon dat ing (up to about 32 000 years span), en vi ron men tal ra dio ac tive mon i tor -
ing, and  de ter min ing the frac tion of bi o log i cal car bon in en vi ron men tally-eco log i cally safe  
bio de grad able and bio-syn thetic prod ucts, and help ac cred i ta tion to customaries.
The im ple mented sys tem is de vel oped fol low ing the stan dard method (ASTM D6866-06). It
has been cal i brated tested and ver i fied for CO2 pro duc tion, ab sorp tion, and count ing (us ing
ap pro pri ate ref er ence ma te ri als for the pres ent-day, fos sil, and in be tween ages).  These re sults 
are op ti mis tic that the de vel oped sys tem can con trib ute to the ac cred i ta tion of on go ing and
up com ing en vi ron ment- friendly pro duc tions.
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IN TRO DUC TION

The 14C is one of three nat u rally oc cur ring car bon
iso topes.  It is ra dio ac tive with a half-life equal to 5730
years and de cays by emit ting a b-par ti cle with an en ergy
of about 156 keV. On the sur face of the earth, the abun -
dance of nat u ral 14C is very low  (10–12) rel a tive to the
other two sta ble car bon iso topes 12C (98.9 %)  and 13C
(1.1 %) [1]. The 14C has two modes of pro duc tion (nat u -
ral and man-made). Nat u ral pro duc tion takes place due to 
nu clear re ac tions be tween cos mic rays neu trons and at -
mo spheric ni tro gen that gives a nearly con stant rate of
atom pro duc tion, 2.5 cm–2s–1 [2]. The ar ti fi cial
man-made pro duc tion takes place due to the ther mo nu -
clear tests that started in 1950 and gen er ated high neu tron 
flux which ac ti vated the at mo spheric 14N and pro duced
14C. The pro duc tion in creased with the in crease of  the 
tests  and reached its peak in 1963 as shown in fig. 1 [3].
The ar ti fi cially pro duced 14C ac tiv ity has con tin u ally de -
creased on ac count of wash-out ac tion by ex change with
ocean sink. The com bus tion of fos sil fuel (e.g. coal, pe -
tro leum) in the early 20th cen tury led to a di lu tion of 14C
level due to the pro duc tion of 14C free car bon, Suess ef -
fect, this ef fect is also shown in fig. 1 [4, 5].

The pro duced ra dio car bon ei ther nat u ral or man -
made mixes with at mo spheric car bon and is ox i dized
into CO2 and passes through the nat u ral car bon cy cle,

from the at mo sphere to the bio sphere, hy dro sphere,
and litho sphere, fig. 2 [6]. The at mo spheric CO2 is
taken by plants through the pho to syn the sis pro cess
and reaches the soil zone through res pi ra tion or de cay
af ter a plant or an i mal death. The soil CO2 can be dis -
solved with in fil trated wa ter and re acts with soil car -
bon ates to form in or ganic car bon which reaches
ground wa ter with or ganic car bon. An other part of the
at mo spheric CO2 di rectly reaches the hy dro sphere
(rivers, lakes, sea, etc.) and ex changes with car bo na -
ceous spe cies and com po nent, some are set tled to the
sea bot tom, and also reaches the litho sphere through
the trans gres sion of sea wa ter in land.

The bal ance be tween the pro duc tion and de cay
of ra dio car bon rel a tively amounts to the nat u ral abun -
dance of 10–12 which is equiv a lent to a value of 13.56
de cay per min ute per gram of car bon (dpm/g.c.) that
rep re sents the at mo spheric car bon con tent of mod ern
ma te ri als. This value is ref er enced to the time be fore
1890 (i. e., be fore in dus trial ef fects or nu clear ef fects).
The per cent age of the ra dio car bon con tent to the value
of 13.56 dpm/g.c. is called per cent age mod ern car bon
(pmc), which is the unit used for ra dio car bon dat ing.
The ra dio car bon dates are de ter mined by re lat ing the
ra dio car bon con tent of the sam ples to that of the ox alic 
acid stan dard  (OX1) which has 95 % of its ac tiv ity
equiv a lent to the 100 pmc, New ox alic acid stan dard
(OX2) is be ing used which has 75 % of its ac tiv ity
equiv a lent to the 100 pmc [7]. The 14C ages are re -
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ported as 14C years BP, where the BP is be fore pres ent
(i. e. be fore 1950).

As much as liv ing things are in con tact with the
at mo sphere, they ac quire the ra dio car bon con tent
which ex presses the bal ance be tween pro duc tion and
de cay. Once liv ing things lose the con tact with at mo -
sphere ei ther by death or burial deep un der ground (as
ground wa ter when leaves the un sat u rated zone), the
loss due to ra dio ac tive de cay will not be com pen sated.
The ra dio car bon con tent will ex po nen tially de crease
by de cay ac cord ing to its half-life time till it is com -
pletely lost af ter about 50 000 years (i. e. fos sil fu els
and geo log i cally aged ma te ri als don't have ra dio car -
bon in their con tent). Ra dio car bon dat ing of car bo na -
ceous ma te rial is based on mea sur ing the ex po nen tial
loss of at mo spheric 14C con tent, which starts at the
time of at mo spheric con tact cut.

The re cent in crease in at mo spheric CO2 and the
con se quent ef fects on the global cli mate and en vi ron -
ment have re sulted in new in ter est in fos sil car bon emis -
sions and re new able sus tain able re sources (IPCC 2007)
[8]. Within this frame work, ra dio car bon anal y sis is gain -
ing ever-in creas ing im por tance as a well-es tab lished
method for dis tin guish ing the CO2 gas eous emis sions,

the biogenic – re cent con tent which is 14C-rich from fos -
sil com po nent which is 14C-ab sent. The grow ing
pro mo tion of and de mand for re new able raw ma te ri als
and en vi ron men tally friendly prod ucts (un doubt edly
lead to the need for a stan dard ized an a lyt i cal pro to col for
trace abil ity and la bel ing biobased prod ucts [9]. The CO2

di rect ab sorp tion method de vel oped in this work can be
ap plied to all car bon-based prod ucts and was ap proved
by the amer i can so ci ety for test ing and ma te rial (ASTM)
No. ASTM 6866 [10]. It is gain ing in creas ing im por -
tance as a well-es tab lished method for dis tin guish ing
biogenic from fos sil CO2 and for cer ti fy ing the biogenic
frac tions of biobased prod ucts.

EX PER I MEN TAL WORK
AND METHOD USED

The In ter na tional Stan dard Test Meth ods for de -
ter min ing biobased con tent us ing 14C anal y sis are
three meth ods, that have been de scribed in the ASTM
D 6866 guide lines (ASTM In ter na tional 2011, 2012). 
Method (A), Di rect ab sorp tion of CO2 and liq uid scin -
til la tion count ing is sim ple, safe, and re sults in sig nif i -
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   Fig ure 1. Ra dio car bon con tent in
   at mo spheric CO2 [3]

  

  Fig ure 2. Nat u ral cy cle of car bon and     
..14C [6]



cantly re duced anal y sis time and cost as com pared to
the other two meth ods.

The method can be used for or ganic and in or ganic
car bo na ceous ma te ri als in air, wa ter, soil, plants, sed i -
ments, oils, shells,…etc. It is re li able for ra dio car bon dat -
ing in a range of max i mum lim its of 31 000 years, which
cor re sponds to a com bined un cer tainty of 2 %, Cur ries
1995, (which is also de fined by [9, 11-15]  as < 2.2 % de -
vi a tion from tar get value), stan dard de vi a tion of 1.1 %
and a rel a tive er ror of 0.53. Re cently, the method has
been suc cess fully used for the eval u a tion of 14C ac tiv i ties 
in at mo spheric and bi o log i cal sam ples (Broni et al.
2009), for rou tine anal y sis of wa ter sam ples in 14C mon i -
tor ing pro grams at nu clear power plants (Varlam et al.
2007), as well as for the cer tif i ca tion of biobased prod -
ucts, which are pres ently of great con cern (Noakes et al.
2006 and Norton and Devlin 2006). The in di cated CO2

ab sorp tion  method has been de vel oped in this work, ac -
cord ing to the fol low ing steps:

The CO2 is pro duced from the car bo na ceous
sam ples ei ther by wet or dry com bus tion, it is then ab -
sorbed and chem i cally trapped as a carbamate in a suit -
able ab sorb ing so lu tion and gravimetrically mea sured, 
and an a lyzed by liq uid scin til la tion coun ter (LSC) to
de ter mine the 14C con tent. The de vel oped ap pa ra tus is
shown in fig. 3, it is com posed of a gas pro duc tion sys -
tem (e. g. CO2 de rived from acid hy dro ly sis of car bon -
ates or ox i da tive com bus tion bomb for or ganic sam -
ples) with an in let for gas into de con tam i na tion and
wa ter re moval traps, flow me ter, vac uum pump, pres -
sure gauge and ab sorb ing so lu tion (CarbosorbE® +
Permaflour) in wa ter ice bath [16].

The weighted CO2 ab sorp tive so lu tion is ra dio car -
bon mea sured us ing the low-back ground LSC, Quantulus
1220 by PerkinElmer. The liq uid scin til la tion coun ter
mea sures the en ergy re leased from the ra dio ac tive sub -
stance that ac ti vates the fluorochrome to the ex cited state.
The fluorochrome then emits the en ergy as light pho tons
that can be mea sured by photomultiplier tubes. The mea -
sure ments take place as counts per min ute that are cal i -
brated into ra dio ac tiv ity us ing stan dards, spikes, and back -

ground.  The prep a ra tion lines and the count ing con di tions 
es tab lished and fol lowed in this work com ply (with some
mod i fi ca tions) with the op ti mized terms (14C win dow,
count ing ef fi ciency, fig ure of mer its, quench ing in dex) 
de scribed in the ar ti cle of Horvatin~i}, et al. 2004 [17].

SYS TEM DE VEL OPED AND
RE SULTS OB TAINED

The fol low ing four steps have been fol lowed and 
the nec es sary flow lines have been de vel oped for ra -
dio car bon mea sure ments us ing CO2 ab sorp tion and
liq uid scin til la tion count ing:

Car bon di ox ide prep a ra tion
from sam ples

The method used for CO2 prep a ra tion from the
sam ple for ra dio car bon mea sure ment de pends on the
na ture of its car bon spe cies (i.e. acid hy dro ly sis is used 
for in or ganic car bon spe cies and ox y gen com bus tion
is used for or ganic car bons). The sam ples used in this
work are of or ganic car bo na ceous or i gin, they are ox i -
dized into CO2 gas be fore anal y sis us ing an ox y gen
com bus tion bomb at a high pres sure of about 30 at oms
and elec tric ity for ig ni tion. The mo lec u lar weight of
the car bon spe cies of the sam ples de ter mines the
weight used for anal y ses. The weighted sam ple is put
into the con tainer in the high-pres sure tank, then the
elec tric cir cuit is closed be tween the elec trodes of the
tank lid and the sam ples in side it. The ox y gen gas re -
places the air in the tank and its pres sure is reg u lated
be fore com bus tion us ing an ox y gen pump. One wa ter
sam ple from River Nile was used in this work as a rep -
re sen ta tive of pres ent-day ra dio car bon con cen tra tion,
its dis solved in or ganic car bon (DIC) con tent was pre -
cip i tated as BaCO3 (us ing BaCl2 in al ka line con di tion) 
which is dis solved us ing di lute phos pho ric acid to get
CO2 lib er ated.
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Fig ure 3.  The sys tem for
CO2  ab sorp tion



Car bon di ox ide ab sorp tion

The sys tem de vel oped for CO2 ab sorp tion is
shown in fig. 3.  It is matchable  with the op ti mized
work of Horvatin~i}, et al. 2004 [17]. The stor age steel 
con tainer which con tains the pro duced CO2 gives the
way to se quen tial de con tam i na tion traps (Sil ica Jell &
KI/I2 & AgNO3 & K2Cr2O7/H2SO4) and de hy dra tion
trap (Liq uid Ni tro gen / Ac e tone) with a nee dle valve
for reg u lat ing CO2 flow rate. The sys tem is inter linked
with a vac uum pump, pres sure gauges, ab sorb ing so -
lu tion, bubbler, and ice bath.

The whole ab sorp tion sys tem is vac u umed be fore
ad mit ting the CO2 gas into it. The CO2 then passes through 
the de con tam i na tion and dehumidification traps.  The CO2

which is frozen into the liq uid ni tro gen trap is sub limed
into a gas and passes un der vac uum to the  ab sorp -
tion/scin til la tion cock tail vial where is ab sorbed in the
scin til la tion cock tail (10 ml:10 ml mix ture of carbosorb
and permafluor scintillator). The CO2 flow rate is ad justed
to a me dium value of about 70 ml/min which is suit able for 
the gas to re act and con tinue ab sorp tion till the ab sorp tion
so lu tion be comes sat u rated with CO2 gas un der equi lib -
rium (in about 15 min utes + 10 min utes ex cess to as sure
sat u ra tion). The ab sorp tion pro cess is exo ther mic, so the
vial is put into an ice bath.  The bub bles ap pear in the
bubbler at the end of the line, in di cat ing that the ab sorp tion 
mix ture is al most sat u rated with CO2. At the end of the
pro cess, the vial is re moved from the line and weighed to
gravimetrically de ter mine the amount of the ab sorbed
CO2 and the de gree of sat u ra tion of the amine.

The 14C anal y sis us ing a liq uid
scin til la tion coun ter

The weighted CO2 ab sorp tive so lu tion is ra dio -
car bon mea sured us ing a LSC. The mea sure ments take 
place in op ti mized con di tions in terms of 14C win dow,
count ing times, count ing ef fi ciency, and quench ing in -
dex (SQP). The back ground of the in stru ment and the
count ing ef fi ciency was de ter mined us ing CO2 de -
rived from acid hy dro ly sis of lime stone sam ple and
com bus tion of oil sam ples. The pres ent-day ra dio car -
bon cal i bra tion was con ducted by us ing CO2 pro duced 
from acid hy dro ly sis of NIST Ox alic acid stan dard,
Ox alic II (49960c). The op ti mized mea sur ing con di -
tions ap plied in this work are as fol lows: count ing win -
dow was es tab lished to be be tween chan nels 140 and
375, the to tal count ing time was set at 600 min to
achieve sta tis ti cal sig nif i cance, and the BKG and STD
count re sults in a count ing ef fi ciency of about  65 %
which is com pa ra ble to re viewed op ti mized work.

Sys tem cal i bra tion and
biogenic/fos sil car bon de ter mi na tion

The amount of biobased car bon can be ex -
pressed as a frac tion of sam ple mass or to tal car bon
con tent. Prod ucts con tain ing only car bon from fos sil

re sources no lon ger have any 14C ac tiv ity and are re -
ported as hav ing a biobased con tent of 0 %. On the
other hand, prod ucts con tain ing only car bon from
bio-re new able re sources have a strong 14C sig na ture
match ing that of con tem po rary car bon sources and are
re ported as hav ing a biobased con tent of 100 % [18].
Com bin ing fos sil car bon with mod ern car bon gives in -
ter me di ate val ues for the biobased con tent, which are
di rectly pro por tional to the con cen tra tion of mod ern
car bon in the sam ple. The ox alic acid stan dard (OX2)
has been used to qual ify the mod ern ra dio car bon while 
Oil and geo log i cally aged lime stone have been used to
qual ify the ab sence of ra dio car bon in the fos sil car bo -
na ceous ones and pres ent the back ground for the
whole pro cess. The (sugar and pres ent-day Nile wa ter) 
on one side and (poly eth yl ene and pe tro leum oil) on
the other side have been ra dio car bon mea sured and
used as end mem bers for cal i bra tion.

A lin ear cor re la tion Cal i bra tion Curve has been
con structed, fig. 4, be tween the two end mem bers of
pure biogenic car bo na ceous ma te ri als (rep re sented by
sugar and River Nile Wa ter sam ples) and pure fos sil
syn thetic car bo na ceous ma te rial (rep re sented by poly
eth yl ene and pe tro leum oil sam ples). To val i date the
de vel oped method, four sam ples have been pre pared
(as mix tures be tween sugar and poly eth yl ene), these
were used as test sam ples that showed a match of 0.988 
with the end mem bers cal i bra tion curve (y = 0.0335x +
+.4.175), fig. 5. Be cause of the good lin ear cor re la -
tions reached in this work, it can be suc cess fully used
to quan ti ta tively de ter mine the biocarbon frac tion in
the pres ent day pro duced biobased ma te ri als (us ing
the count per min ute (cpm) of the mea sured sam ple).
Ta ble 1 shows the av er age value of the tri ple sam ples'
cpm, their un cer tainty, and stan dard de vi a tion, the val -
ues agree with pre vi ous work on the meth od ol ogy.

CON CLU SIONS

A new method has been de vel oped for sam ple
treat ment and liq uid scin til la tion count ing of ra dio car -
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Fig ure 4. End mem bers cal i bra tion curve of
bigenic -syn thetic ra dio car bon



bon con tent of car bo na ceous sam ples. This is based on
vac uum equi lib rium ab sorp tion of sam ples CO2 on
carbamate – scintillator mix ture. The de vel oped method
is sim ple, quick, and cheap and re quires less car bon con -
tent in the mea sured sam ples (0.5 g).

The ac cu racy of the de vel oped method is not high
as that of the ben zene syn the sis method but is quite
enough for im por tant ap pli ca tions (e. g. geo log i cal and
hydrogeological dat ing up to 32000 years, mon i tor ing
pur poses at en vi ron men tal lev els, de ter mi na tion of
bio-based frac tion in bio-based ma te ri als, and other).

The de vel oped sys tem has been cal i brated us ing
stan dard car bo na ceous ma te ri als that have 14C con tent
rep re sent ing the two end mem bers of the ra dio car bon
time scale (pres ent- day or i gin and syn thetic fos sil or i -
gin).  The sys tem has been op ti mized and ver i fied us -
ing check-test sam ples of mix ing pro por tions in the
range of the two end mem bers, which show a 98 %
match with the pat tern of the two end mem bers.

 A CO2 ab sorp tion sys tem for ra dio car bon mea -
sure ments (us ing a liq uid scin til la tion coun ter) has
been de vel oped in this work. It is ready for use for dif -
fer ent types of en vi ron men tal sam ples (air, wa ter,
plants, sed i ments, oils) in a wide range of ap pli ca tions. 
This work in tro duces a cal i bra tion curve ready for de -
ter min ing the biogenic car bon frac tion of bio-based
ma te ri als, di rectly us ing a strong lin ear re la tion, fit ting 
a good cov er age of stan dard ized sam ples (mix tures
be tween the two end mem bers of the whole dis tri bu -
tion).
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Ta ble 1. Av er age cpm, un cer tainty, and stan dard de vi a tion 
of the study sam ples

Per cent age of
biogenic car bon

Av er age
of cpm

Stan dard
de vi a tion Un cer tainty

0 3.983 0.104 0.060

20 4.373 0.025 0.015

50 5.650 0.050 0.029

75 6.857 0.051 0.030

90 7.283 0.075 0.043

100 7.523 0.075 0.043

Fig ure 5. Ver i fi ca tion curve for biobased car bon frac tion
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RAZVOJ  SISTEMA  DIREKTNE  APSORPCIJE  CO2  ZA  RADIOKARBONSKO
DATIRAWE  I  ODRE\IVAWE  BIOLO[KI  ZASNOVANOG  UGQENIKA  U 

BIOGENO-SINTETI^KIM  PROIZVODIMA

Ovaj rad predstavqa razvoj novog sistema radiokarbonskog datirawa zasnovanog na CO2 i
te~nom scintilacionom brojawu. Sistem je dovoqno fleksibilan da se mo`e primeniti u
razli~itim oblastima kao {to su radiokarbonsko datirawe (do oko 32 000 godina), pra}ewe
radioaktivnosti ̀ ivotne sredine, odre|ivawe udela biolo{kog ugqenika u ekolo{ki bezbednim
biorazgradivim i biosinteti~kim proizvodima, a poma`e i u akreditaciji postupaka.

Implementirani sistem razvijen je po standardnoj metodi (ASTM D6866-06). Kalibrisan 
je, testiran i verifikovan za proizvodwu CO2, apsorpciju i brojawe (koriste}i odgovaraju}e
referentne materijale u sada{we doba, fosilne i izme|u doba). Ovi rezultati obe}avaju da
razvijeni sistem mo`e doprineti akreditaciji teku}ih i budu}ih ekolo{ki prihvatqivih
proizvoda.

Kqu~ne re~i: radiougqenik, apsorpcija CO2, te~ni scintilacioni broja~, frakcija biolo{ki
.........................zasnovanog ugqenika, datirawe


