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Anal. Chem. 2010, 82, 8931-8938

HPLC Purification of Higher Plant-Dervied Lignin
Phenols for Compound Specific Radiocarbon

Analysis

Anitra E. Ingalls,*'t Erin E. Ellis,! Guaciara M. Santos,* Kelsey E. McDuffee,’ Laura Truxal,!

Richard G. Keil,’ and Ellen R. M. Druffel*

School of Oceanography, University of Washington, Box 355351, Seattle, Washington 98195, United States, and
Department of Earth System Science, University of California at Irvine, Irvine, California 92697, United States

The ability to measure the radiocarbon content of com-
pounds isolated from complex mixtures has begun to
revolutionize our understanding of carbon transformations
on earth. Because samples are often small, each new
compound isolation method must be tested for background
carbon contamination (C.). Here, we present a new
method for compound-specific radiocarbon analysis
(CSRA) of higher plant-derived lignin phenols. To test for
Cex, we compared the A'C values of unprocessed lignin
phenol containing standard materials (woods, leaves,
natural vanillin, and synthetic vanillin) with those of lignin
phenols liberated by CuO oxidation and purified by two-
dimensional high-pressure liquid chromatography (HPLC)
coupled to mass spectrometry (MS) and UV detection.
We assessed C,, associated with (1) microwave assisted
CuO oxidation of bulk samples to lignin phenol mono-
mers, (2) HPLC purification, and (3) accelerator mass
spectrometry (AMS) sample preparation. The AC of
purified compounds (corrected for C.) agreed, within
error, with those of bulk materials for samples that were
>10 pg C. This method will allow routine analysis of the
AC of lignin phenols isolated from terrestrial, aquatic,
and marine settings, revealing the time scale for the
processing of one of the single largest components of
active organic carbon reservoirs on earth.

Higher-plant derived organic carbon represents a significant
fraction of the earth’s annual primary productivity and is also an
important reservoir of fixed carbon, both living and dead. Organic
matter (OM) derived from higher plants in terrestrial ecosystems
can be processed to soil debris or converted to carbon dioxide
through respiration. Once in aquatic ecosystems, such as rivers,
more biological processing occurs as plant-derived OM makes
its way to the ocean. Once in the ocean, it can be further
transformed in the marine dissolved and particulate organic
carbon pools, buried in coastal marine sediments, or converted
to carbon dioxide. Traditionally, the radiocarbon age of bulk
carbon in terrestrial reservoirs is used to infer the average age of
mobilized organic carbon. For example, measurements of the A1C
of bulk particulate organic carbon (POC) and dissolved organic
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carbon (DOC) suggest that local geology and in situ biological
production determine the average age of organic matter in
rivers.!™® Still, terrestrial carbon is a complex mixture that
integrates recent biological and ancient geological carbon sources
into a complex mixture of carbon-based materials at various stages
of decomposition. More in-depth knowledge about the age of
various carbon sources can tell us how carbon from different
sources is processed.

The advent of compound-specific radiocarbon analysis (CSRA)
has presented the possibility of measuring the age of individual
components within complex mixtures of organic carbon.®” Some
researchers have used the A*C value of long chain fatty acids
in river delta sediments to apportion sources of organic matter
and, therefore, to understand the fate of terrestrial carbon.®
However, the source of long chain fatty acids can be ambigu-
ous, because they are trace components of terrestrial biomass
and are principally thought to be transported via Aeolian
processes. Thus, they are not necessarily representative of the
bulk terrestrial carbon pool, and their low concentration
requires sample sizes that have so far limited these analyses
to sample types that can be collected in large quantities such
as delta sediments where carbon can reside in the upper few
centimeters for long time periods.

Lignin is the second most abundant biopolymer on earth. It is
an unambiguous biomarker of higher plants comprising up to 40%
of their biomass through its role as a structural component of
cell walls. Analysis of lignin phenols (Figure 1) following CuO
oxidation of plant-containing material reveals information about
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Figure 1. Structures of lignin phenols that were purified for
radiocarbon analysis including (a) vanillin, (b) vanillic acid, (c)

acetovanillone, (d) 4-hydroxybenzoic acid, (e) 4-hydroxybenzalde-
hyde, and (f) ethyl vanillin.
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the source, quality, and quantity of vascular plant material.®~*
Lignin is transported fluvially, and thus, fluxes are largely
controlled by physical processes that control sediment trans-
port.'215:16 A] of these qualities make lignin phenols an attractive
substrate to target for following terrestrial carbon from source to
sink.’

CSRA techniques have yet to be applied to higher-plant derived
lignin phenols in environmental samples, in part due to method-
ological challenges. McNichol et al.'” used preparative capillary
gas chromatography (PCGC) in an attempt to develop a purifica-
tion method for lignin phenols. In their study, A"C values of
lignin phenols in a series of woods, lignin standards, and
flavorings were compared with bulk values. They found that
bulk and individual compound A"C values agreed within 20%o,
but concluded that natural sediment or water samples would
present additional challenges due to the large number of
interfering compounds present in natural samples and low
yields of targeted compounds.'” In addition, Ziolkowski and
Druffel'® used pure lignin phenols from flavorings as model
compounds to quantify background carbon in the PCGC system
in their effort to carry out CSRA of black carbon. The
combination of significant advances in small-scale “C accelera-
tor mass spectrometry (AMS) analysis,'*?° high-pressure liquid
chromatography (HPLC)-based approaches to lignin phenol analy-
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sis,?! and HPLC-based approaches to compound purification,?~2°

suggest that an HPLC-based purification scheme for lignin phenol
CSRA is feasible.

The main advantages of an HPLC-based method are that (1)
lignin phenols can be purified without the need for derivitization
and subsequent sample loss and correction for A™C values of
derivative carbon, (2) enhanced column capacity allows rela-
tively large quantities to be purified with only a few injections
on the HPLC, and (3) it employs multiple separation dimen-
sions (reverse phase and normal phase separation protocols)
allowing for higher purity of compounds separated from
complex sample matrices.2”

The technique presented here can be applied to many sample
types including POC and DOC. Both natural and synthetic lignin
phenols are used as flavorings, fragrances, and cleaning agents
in foods and “green products”.?® There is active debate as to
whether all of these lignin phenol-based products are synthesized
from petroleum or are in fact isolated from modern plant materials.
The technique presented here can be used to test the authenticity
of natural products claims.

METHODS

Samples Analyzed. The greatest challenge in carrying out
small scale CSRA from complex mixtures is maximizing the
quantity of the compound of interest that is purified while
minimizing the quantity of background carbon contamination or
exogenous carbon (C.,) that is added to the sample during
purification and subsequent processing. Because some contri-
bution from C,, is inevitable, it is necessary to correct measured
AMC values for the contribution of C. and to propagate the
error associated with the correction.’® 2% In order to assess the
size and AMC of C. associated with microwave assisted CuO
oxidation and HPLC purification of lignin phenols, we carried
out *C analyses of homogeneous bulk standard materials and
individual compounds isolated from those bulk materials. The
mathematical formulas chosen, described in detail in Santos
et al.,*2 break C. into two carbon components referred to as
modern carbon (MC) and dead carbon (DC). This technique
for background correction is simpler compared to those of
other approaches because MC and DC can be determined and
verified separately.'®2%27-2% However, to obtain reliable A*C
values of smaller “unknown” samples using this technique, they
must be measured alongside independent sets of secondary
materials (standards) of appropriate size and C activity.

Using an indirect method to quantify MC and DC contributions
in our purified compounds, we chose bulk materials that spanned
arange of AMC values from postbomb (~+80%o) to radiocarbon
dead (—1000%.). Bulk materials and the rational for choosing
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Table 1. Bulk Materials and Standards Used for Method Development and the Rational for Choosing Each Material

goal sample name

USGS coal (USGS/Argonne premium coal)

synthetic ethyl vanillin (EV)

14C dead set

“Patagonia” spruce wood (PW)
blank assessment

rational

Used to determine the modern C contamination
component (MC) for combustion and
graphitization background procedures (AMS
sample preparation, results not shown).

Purchased from Aldrich (Lot #01618PC) to
determine the MC contamination component
from HPLC and AMS sample preparation. It was
also used to produce mixed samples with
modern vanillin (MV) to verify HPLC purification
capabilities. Bulk material was also analyzed to
determine its precise AMC value (A*C =
—1000.5 + 0.4%o; Table S-1, Supporting
Information).

4Cfree wood originally donated by S. Stine to
KCCAMS/UCI. Although it is commonly called
Patagonia wood, it is not from Patagonia, since
no spruce species grow in South America. It was
used as a blank to determine the MC component
from microwave, HPLC, and AMS sample
preparation steps. Bulk material was A/B/A
chemically pretreated and analyzed to determine
its precise AC value (AC = —998.1 + 0.4%o;
Table S-1, Supporting Information).

Used as “C-modern blank to determine the dead

OX and OX-II (oxalic acid I and IT) C contamination component (DC) for combustion

14C modern set modern vanillin (MV)

Pacific Northwest (PNW) leave

TIAEA-C7 and C8 oxalic acids

accuracy tests 14C known value

TAEA-C5 wood

and graphitization procedures and for
normalization of all samples (results not shown).

“C-modern material purchased from SAFC Supply
Solutions (Lot #05930KC) to determine the DC
component from microwave, HPLC blank, and
AMS blanks. It was also used to produce mixed
samples with ethyl vanillin (EV) to verify HPLC
purification capabilities (A™*C = 81.5 + 2.3%o;
Table 2, Supporting Information).

Pacific Northwest (PNW) leaves collected in
March 2009 in Seattle, WA. Bulk material was
A/B/A chemically pretreated and analyzed (A*C
= 35.5 £ 2.3%o; Table S-2, Supporting Information.

Oxalic acids of intermediate *C values (49.53 and
15.03 pMC, respectively) were produced by
Groningen Laboratory.>® They were used to
evaluate accuracy of *C results from small
samples that undergo AMS sample preparation
only (results not shown).

Subfossil wood from the IAEA “C Intercomparison
Exercise 1990 (consensus value = 23.05 pMC;
equivalent to a AMC of —769.5).3¢ It was used to
evaluate accuracy of “C results from the CSRA
method described in this study (A"C value =
—770.8 + 1.1%0; Table S-2, Supporting
Information).

them in this work are summarized in Table 1. We measured
the C content of lignin phenols purified from Patagonia wood
including vanillin, vanillic acid, acetovanillone, 4-hydroxyben-
zoic acid, and 4-hydroxybenzaldehyde; from IAEA-C5 wood
including vanillin, vanillic acid, and acetovanillone; from Pacific
Northwest (PNW) leaves including 4-hydroxybenzaldehyde.
We measured the *C content of a bulk modern vanillin (MV)
standard and then measured this standard after HPLC purifica-
tion as well as after microwave digestion and HPLC purification.
We mixed modern vanillin with synthetic ethyl vanillin (Table
2) to determine how effectively two components of widely variable
14C content could be separated. We also used a direct method
to assess the size and A*C value of C. associated with HPLC
purification by measuring a solvent carrier without sample
(sample identification NP solvent; Table S-1, Supporting Infor-
mation). Since the sample was produced by a large number of

injections (15 injections in which a total of 26 mL were collected
by the fraction collector), in order to compare the size of the HPLC
MC and DC blank obtained using the indirect method, we
normalized the amount of C., quantified to the volume of HPLC
effluent collected, assuming that this carbon contribution is
mostly from column bleed that is directly correlated with the
volume of solvent.?®?* Finally, one unknown “artificial vanilla”
flavoring was purchased at a supermarket (Kroger brand), and
ethyl vanillin and vanillin were purified from this sample to
determine the origin of the vanilla flavoring. Here, we report the
method for purification of these compounds and the resulting
uncorrected and corrected AMC values of the purified compounds.

To minimize C.,, samples are only allowed to contact glass
cleaned by baking in an oven at 500 °C for 5 h to remove
organic contaminants. The only exception is the microwave
step that uses Teflon vessels followed by centrifugation in

Analytical Chemistry, Vol. 82, No. 21, November 1, 2010 8933



Table 2. Amount of Radiocarbon Dead (A'*C = —1000%.) and Modern” (A'*C = 0%.) Exogenous Carbon (C.,)

Introduced during Each Sample Preparation Step?

sample preparation step samples
AMS (indirectly) USGS coal, OX-I and -II
microwave (indirectly) PW and MV
HPLC (indirectly) EV and MV
HPLC (directly) NP solvent

tOtal (ZCAMS! Cchemistry, CHPLC)

dead contamination (ug C)

modern contamination (ug C)

0.35£0.18 0.35+0.18
0.80 £ 0.40 0
0.65 +0.33 0
~0.64 ~0.04¢
1.80 £ 0.90 0.35+0.18

¢ An uncertainty of £50% was assumed for the C., introduced during individual sample processing steps based on variability in blank values.
® The term “modern” is used loosely here to refer to near contemporary AC values. ¢ These values were obtained from sample size (4.1 ugC) and
14C ratio to normalizing standard (0.1289; not shown in Table 2) and then normalized to the number of injections necessary to produce this sample.

Note that the Cyprc assessed indirectly and directly are indistinguishable.

polycarbonate centrifuge tubes and HPLC system. Teflon
microwave vessels, connector tubing, and polycarbonate cen-
trifuge tubes are acid-washed overnight and then rinsed with
distilled water. Immediately prior to use, the vessels and tubes
are rinsed with dichloromethane and methanol. The entire
HPLC system, including the fraction collector, is extensively
flushed with fresh solvent of the highest purity between sample
types to eliminate memory from prior sample injections and
leaching from HPLC components. We do this by making
injections of pure solvent just prior to sample purification with
all HPLC settings exactly as they are during sample purification.

CuO Oxidation of Lignin and Quantification of Lignin
Phenols. Because lignin phenols exist in plants as complex
polymers, the first step of the method is to liberate lignin-derived
phenols from their polymers by CuO oxidation. Individual lignin
phenols in each sample were quantified®® to determine AMS
sample size requirements. Briefly, freeze-dried and homogenized
samples were transferred to Teflon microwave vessels containing
CuO powder and ferrous ammonium sulfate. After adding 2 N
NaOH, the samples were subjected to oxidative hydrolysis by CuO
in a microwave. The microwave held sample temperatures at 144
°C for 90 min, with an optimal pressure ranging between 45 and
70 PSI, depending on the number of microwave vessels used.
Upon completion, the samples were acidified and extracted in
ethyl acetate. Resulting lignin phenols were quantified by gas
chromatography flame ionization detection (GC-FID) after deriv-
itization with trimethylsilyl ethers and esters using bis(trimeth-
yDtrifluoroacetamide (BSTFA) and trimethylchlorosilane (TMCS).
For samples destined for CSRA, batch oxidations were needed.
Because each Teflon vessel is optimized for 3—5 mg of organic
carbon, six Teflon vessels containing a given sample type were
microwaved and pooled in order to obtain enough material. This
means that the size of C. associated with the Teflon vessels
should increase with the number of vessels used.

HPLC Purification. Purification of lignin-derived phenols was
carried out using a reverse phase chromatography purification step
followed by a normal phase purification step. For reverse phase,?!
typically between 2 and 5 injections were required to obtain adequate
material from potentially complex sample matrices, although 15
injections were used for the PNW leaves. In normal phase, individual
compounds were purified from between 2 and 5 injections of this
relatively simple sample matrix. It is important to minimize variability
in the number of injections and total volume of effluent collected
from sample to sample so that any C, from the HPLC effluent and

(30) Goni, M. A.; Montgomery, S. Anal. Chem. 2000, 72, 3116-3121.
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subsequent sample processing is the same for all samples and
standards. Impurities that may be introduced during reverse phase
purification are likely removed during normal phase purification,
so it is most important for the volume of normal phase effluent
collected to be constant.

For reverse phase HPLC analysis, ethyl acetate extracted CuO
oxidation products were dried down under a gentle stream of
nitrogen at 45 °C and then dissolved in a 1:1 solution of 7.4 mM
phosphoric acid in water and methanol. Samples were filtered
through a 0.45 um PTFE filter prior to injection on an Agilent
1100 HPLC. The HPLC was equipped with a Zorbax Eclipse XDB-
C18 column (4.6 x 150 mm; 5 um pore size). Lignin phenols were
eluted from the column using a gradient program of 7.4 mM
phosphoric acid in water (Solvent A) and 4:4:3 by volume 7.4 mM
phosphoric acid/methanol/acetonitrile (Solvent B). The column
was held at 55 °C, and the initial conditions were 5% Solvent B at
a flow rate of 0.8 mL/min. The gradient program ramped to 10%
Solvent B by 2 min, 51% Solvent B by 25 min, and 100% Solvent B
by 26 min, and was held for 2 min at 100% solvent B, and then,
the column was re-equilibrated in 5% Solvent B for 10 min between
injections. Lignin phenols were detected using a diode array
detector (DAD) set to monitor 280 nm, and individual lignin
phenols were identified using an Agilent XCT ion trap electrospray
ionization-mass spectrometer (ESI-MS). The MS scanned from
75 to 450 m/z, and the spray chamber conditions were as follows:
nebulizer pressure, 60 psi; dry gas, 7 L/min; drying temperature,
350 °C. During purification of lignin phenols, only the DAD was
used to detect compounds and the effluent was collected with a
fraction collector using time-based fraction collection in which the
fraction collector was programmed to collect from the beginning
to the end of the time interval over which each UV peak eluted.
When peaks were baseline separated, additional fractions were
collected before and after each peak to avoid sample loss in the
event that peak retention times varied. Every attempt was made
to collect the entire peak so that if isotope fractionation occurs
during chromatography our samples would not be affected. In
some cases, collected fractions were reinjected in order to verify
that lignin phenols were only present in the expected fractions.

Like fractions from multiple reverse phase injections were pooled
either by hand or by the fraction collector and then either dried under
a gentle stream of nitrogen at 45 °C or extracted into ethyl acetate
and then dried under N, at 45 °C. Evaporation from ethyl acetate
is recommended because it avoids lignin phenol evaporation
during sample drying from less volatile solvents (see Results and
Discussion below). Pooled, dried fractions were dissolved in 50%



isopropyl alcohol (IPA) in hexane (v/v) for normal phase chroma-
tography. In normal phase, peaks were detected by DAD only since
the lignin phenols did not ionize well under the conditions employed.
The HPLC was equipped with a LiChrospher Diol column (4.6 x
150 mm, 5 um) held at 45 °C. Lignin phenols were eluted from the
column using a gradient program of 1% IPA in hexane (Solvent A)
and 1:1 IPA/hexane (Solvent B) and a flow rate of 0.2 mL/min. The
gradient ramped from 5% Solvent B (initial conditions) to 45% Solvent
B by 30 min and to 100% Solvent B by 31 min, where it was held for
2 min. The column was re-equilibrated in 5% Solvent B for 10 min
between injections at a flow rate of 0.5 mL/min. The fraction collector
was programmed for time-based collection. Like fractions from
between 2 and 5 injections were pooled, and the volume was reduced
to ~0.5 mL under a gentle stream of N, at 45 °C and then
transferred into a quartz tube (6 mm o.d.). The vial was then
rinsed 3x with methanol to ensure complete transfer to the quartz
tube. Quartz tubes are precombusted (850 °C, 5 h) the night
before they are used. To minimize surface area carbon contamina-
tion, they are kept in a “wet” box in the presence of 1 N NaOH
vapor (to trap carbon from the environment). The remaining
solvent was completely evaporated from the quartz tube. Due to
the volatility of lignin phenols, overdrying results in significant
sample loss.?®

Radiocarbon Analysis by Accelerator Mass Spectrometry.
Bulk samples of wood and leaves were acid—base—acid (A/B/
A) washed to remove any labile carbon. Bulk vanillin and ethyl
vanillin were weighed and transferred directly into prebaked
quartz tubes and 60 mg of CuO and 15 mg of silver wire were
added (these reagents were also prebaked before use). Quartz
tubes containing samples were evacuated on a vacuum line after
immersion in a slurry of IPA and dry ice (=78 °C) for 1 min (to
avoid sample loss from volatilization in the vacuum line). The tubes
were then evacuated for 3 min and flame-sealed while still being
cooled in the slurry. Sealed tubes were combusted at 850 °C for
5 h. The CO, from combustion was cryogenically cleaned,
quantified manometrically, trapped, sealed in Pyrex tubes (6
mm o.d.), and then sent to the Keck Carbon Cycle AMS Facility
(KCCAMS) at University of California Irvine (UCI) for further
analyses. Encapsulated clean CO, was converted to graphite
in small sets of 12 targets according to standard procedures.*!
Samples that yielded <0.1 mgC were graphitized in smaller
graphitization reactors, designed especially to handle small and
ultrasmall samples.>? A total of 73 samples (as CO,) ranging
in size from 0.0009 to 1 mgC were graphitized and analyzed.

Final AYC values must be corrected for mass-dependent
fractionation. This fractionation is determined from the measured
OBC value of a sample. At the KCCAMS/UCI, the AMS has the
capability to measure all the three carbon isotopes. Thus, each
AMC value reported is corrected for isotopic fractionation using
its own online 0'*C value. Correction with online 6'*C values is
essential when measuring ultrasmall samples to account for
spectrometer-induced isotopic fractionation.®®

(31) Santos, G. M.; Southon, J. R.; Druffel-Rodriguez, K. C.; Griffin, S.; Mazon,
M. Radiocarbon 2004, 46, 165-173.
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D. Radiocarbon 2007, 49, 255-269.

(33) Santos, G. M.; Southon, J. R.; Drenzek, N. J.; Ziolkowski, L. A.; Druffel,
E. R. M.; Xu, X,; Zhang, D.; Trumbore, S.; Eglinton, T. L; Hughen, K. A.
Radiocarbon 2010, 52, 1322-1335.

RESULTS AND DISCUSSION

A purification method that is appropriate for CSRA must obtain
pure compounds from mixtures while minimizing contamination.
The separation method described uses reverse phase chroma-
tography to obtain semipure fractions of lignin phenols. The
subsequent normal phase purification of these fractions provides
highly pure single lignin phenols (Figure 2). Care must be taken
to ensure that solvents are thoroughly removed because they are
the most common known source of C., contamination.®3%34

Purified compounds on which AMC values are measured
(AMCppeasured) contain carbon from several sources including:
carbon from the sample or compound of interest (Cgppe), carbon
introduced during chemical processing such as the microwave
(Cehemistry)» carbon introduced during HPLC purification (Cyprc),
and carbon introduced during AMS sample preparation, e.g.,
combustion, graphitization, and graphite target handling (Cays).
The sum of Cepemisy + Cuprc + Cawms is equal to the total
exogenous carbon (C.r) introduced. Each sample processing
protocol and lab instrument that comes in contact with samples
to be measured have distinct Cr, and so adaptation of any CSRA
method in a new lab requires testing for the size and *C signature
(age) of Cur. The approach presented here allows any lab to
determine C.r values specific to their lab/instruments/protocols.

Cexr is always a mixture of carbon sources that range in their
14C content from modern (MC) to dead (DC). For conventional
4C-AMS sample processing, DC is usually smaller than MC and
becomes detectable only when sample sizes are very small
(<0.100 mgC) > It is difficult to directly measure the size and
AMC value of Ceyr and to determine which step(s) add MC and
DC. Santos et al.*? showed that the masses of MC and DC
contaminants are generally constant for a given lab carrying out
a particular protocol. In this approach, a mass balance correction
is used to account for deviation of a measured A*C value from
the true value of “C-ree blanks and standards. This same
correction is then applied to correct A™C values of unknown
samples produced using the same protocol. In our case, to
determine the Ceyr from lignin phenol purification, we measured
small aliquots of standards or bulk materials whose A™C values
were known a priori (Table 1) and treated these samples as
unknowns.

Materials that have a “C-dead signal are mostly affected by
the MC component of Cer, €.g., the uncorrected A™*C values
increase systematically as sample sizes decrease. Likewise,
materials that have a *C modern or near-modern signal are
mostly affected by DC contamination and, consequently, their
associated uncorrected *C/C ratios decrease systematically as
sample sizes decrease.>?>* One way to represent this is to plot
the deviations of the uncorrected AMC values of purified
compounds from those of the 1 mgC bulk materials/standards
(AAMC) versus sample sizes (Figure 3 and 4). Deviations from
this expected trend are apparent with very small sample sizes (<10
1gC) and in samples that are very old and, therefore, unaffected
by DC contamination.

(34) Druffel, E. R. M.; Zhang, D.; Drenzek, N. J.; Ziolkowski, L. A.; Southon,
J. R; Santos, G. M.; Trumbore, S. E. Radiocarbon 2010, 52, 1215-1223.

(35) leClerq, M.; vanderPlicht, J.; Groning, M. Radiocarbon 1998, 40, 295-
297.

(36) Rozanski, K.; Stichler, W.; Gonfiantini, R.; Scott, E. M.; Beukens, R. P.;
Kromer, B.; Vanderplicht, J. Radiocarbon 1992, 34, 506-519.
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Figure 2. High-pressure liquid chromatography traces showing UV absorption at 280 nm: (a) reverse phase chromatogram of lignin phenol
standard mixture (upper) and CuO oxidation products of PNW leaves (lower); (b) normal phase chromatogram of lignin phenol standard mixture
(upper), 4-hydroxyacetophenone and vanillin from PNW leaves after reverse phase purification (middle), and 4-hydroxyacetophenone from

PNW leaves after normal phase purification (lower).
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Figure 3. A'™C values of processed samples minus those of bulk
samples (AA™C corrected for C.,) from '“C-free samples. Open
symbols are corrected for combustion, graphitization, and graphite
target handling only (Caus), and filled symbols are corrected for
Cohemisty and/or Cypc as well as Caus. All data were corrected for
isotopic fractionation with online 3'*C-AMS values as stated in the
text. Samples containing <2 ugC are plotted here and shown in italics
in Tables S-1 and S-2 (Supporting Information) for illustration only.
The A™C values of these samples are not meaningful because the
mass of the total blank correction applied is bigger than the mass of
the samples, as mentioned in the text.

By selecting the appropriate set of bulk materials/standards
(Table 1) and by repeatedly carrying them through various stages
of sample preparation, the A*C value for each component of
Cexr (€.2., Cenemistry» Crprc, and Cays) can be assessed (Table
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Figure 4. A'“C values of processed samples minus those of bulk
samples (AA'“C corrected for Cqy) from '“C-modern or near modern and
subfossil samples. Open symbols are corrected for combustion, graphi-
tization, and graphite target handling only (Caus), and filled symbols are
corrected for Cepemisty @nd/or Cypic as well as Cpays. All data were
corrected for isotopic fractionation with online 6'*C-AMS values as stated
in the text. Samples containing <2 ugC are plotted here and shown in
italics in Tables S-1 and S-2 (Supporting Information) for illustration only.
The A™C values of these samples are not meaningful because the mass
of the total blank correction applied is bigger than the mass of the
samples, as mentioned in the text.

2). Repeated measurements of this type can lead to an under-
standing of the variability in C..r over time. Batches of these
materials prepared in our laboratories over the course of 9
months yielded very similar values for the size and *C
signature of C.,r components. In this work, we chose to report
radiocarbon analyses as A™C (%o) values (Table S-1 and S-2,
Supporting Information).



Cex from AMS Sample Preparation (Cpys). To assess
Cams, we used standards that ranged from radiocarbon dead
to modern (i.e., USGS coal, IAEA-C7 and -C8, OX-I and OX-II;
Table 2). All samples were prepared for combustion in the same
fashion so that Cayg is similar for all samples and standards
processed within assigned error bars. For example, using the
same size quartz tube and the same amount of CuO and Ag
wire for each sample, the CO, gas produced is exposed to the
same surface area and contribution from CuO and Ag. By
comparing the measured A"C values of purified compounds
with consensus values from blanks and standards (such as,
USGS coal, small aliquots of OX-I and OX-II, and IAEA-C7 and
-C8), we are able to quantify that for combustion in the Ingalls
lab and graphitization in the Keck AMS lab, 0.35 ug of MC
and 0.35 ug of DC are introduced during the AMS sample
preparation (Table 2; A™C values of these samples are not
shown in Tables S-1 and S-2, Supporting Information). Note
that Cays may vary among batches. Therefore, these standards
were quantified on multiple occasions in multiple batches, and
the amount of modern and dead C contamination was consis-
tent across time and sample types.

HPLC Separation. In the first chromatographic dimension
(reverse phase), phosphoric acid is used to modify the mobile
phase. High purity volatile organic solvents are used in normal
phase. This 2-dimensional approach is needed for several rea-
sons.? First, several lignin phenols either coelute or are not
baseline separated by reverse-phase chromatography (see Figure
2). Second, even in a leaf sample that is likely to be significantly
less complex than a soil or sediment sample, the baseline contains
numerous small peaks of unknown origin. This complexity
suggests that it is likely that unknown components also coelute
with lignin phenols (Figure 2). The order of lignin phenol elution
is different in the two phases, and compounds that coelute in
reverse phase are baseline separated in normal phase. For
example, 4-hydroxyacetophenone and vanillin coelute in reverse
phase, but are well separated in normal phase allowing complete
purification of these compounds with a two-dimensional approach
(Figure 2). The likelihood of a contaminant compound having the
exact same chromatographic behavior as a lignin phenol in both
reverse phase and normal phase is remote. Examination of
fractions containing compounds purified from standard materials
shows that they are >99% pure (Figure 2).

As with any CSRA method, care must be taken to limit loss of
compounds of interest during sample processing. Our largest
losses of compounds are due to the volatile nature of lignin
phenols. Some compound purification runs resulted in extremely
small sample sizes (0.9—10 ug C; Table S-1 and S-2, Supporting
Information). During the initial development of this method, we
took fractions from the reverse phase separation and dried down
the water/methanol/acetonitrile and phosphoric acid mobile phase
under a stream of N, at 45 °C. We later determined that this
step resulted in extremely low sample yields due to evaporation
of lignin phenols. Subsequently, lignin phenols collected in
reverse phase were extracted into ethyl acetate and then dried.
The increased volatility of ethyl acetate relative to aqueous
solvents allowed their complete vaporization with much less
sample loss. For samples extracted into ethyl acetate prior to
drying, our overall recovery is ~50% of the original lignin

phenol. Solvent dry down is still the most likely source of
sample loss and should be monitored carefully.?® Because the
KCCAMS spectrometer measures *C, °C, and ?C (as men-
tioned earlier), we can correct for any isotope fractionation that
might occur during evaporation.

In this study, we focused on the most abundant lignin phenols
in wood and leaf samples (vanillin, vanillic acid, 4-hydroxybenzoic
acid, 4-hydroxybenzaldehyde, 4-hydroxyacetophenone, and ac-
etovanillone) and two purchased lignin phenol standards (ethyl
vanillin (EV) and vanillin from a modern plant source (MV); Table
1). We assessed the influence of Cypic by subjecting bulk
materials (EV and MV) and wood and leaf samples of known
14C ages to HPLC purification. The difference in A*C values
between bulk and HPLC purified standards is a result of the
addition of Cypc. Likewise, the difference in AMC values
between bulk wood and leaf samples and compounds purified
from these materials represents Cehemistry PIus Crprc. Note that
both bulk and purified materials are affected by similar Cayg
contamination. The observed AC value of —1000.5 * 0.4%0 (n
= 2) for bulk synthetic ethyl vanillin (Table S-1, Supporting
Information) agrees with the expectation based on the likely
petroleum source of this xenobiotic. The observed modern or
postbomb AMC value of +81.5 + 2.3% (# = 2) for vanillin
supports a modern source, likely from wood pulp (Table S-2,
Supporting Information). The A*C value of the HPLC-purified
modern vanillin (MV) demonstrates that a mass balance
correction of 0.65 ug of C with a A™C value of —1000%o is
needed to correct A*C values for Cyprc. A similar mass for
this C was quantified directly by measuring the carbon
obtained from combustion of a process blank in which a solvent
carrier (without sample) was taken through the HPLC purifica-
tion procedure (after proper normalization for the volume of
effluent collected; Table S-1, Supporting Information, and Table
2). Analysis of the PNW leaves confirms that ~0.8 ug C with a
AMC value of —1000%o is needed to correct these samples for
the microwave step (Cehemisty) (Table S-2, Supporting Informa-
tion, and Table 2).

When we mixed MV and EV together (1:1 molar masses) and
purified them from the mixture, the A™C value of the purified
MV after correction for Cyprc was depleted (replicates were 4
+ 24%0 and —48 + 11%o; Table S-2, Supporting Information)
relative to those that had not been mixed prior to purification (+66
+ 24%0; n = 6) and bulk MV values (+81.5 + 2.3%0; n = 2).
Examination of the HPLC chromatograms of the two source
materials prior to mixing revealed that there was a small amount
of vanillin in the synthetic ethyl vanillin. We hypothesize that the
vanillin in the ethyl vanillin standard was of petroleum origin and
was, therefore, the source of “C-free contamination to the
vanillin purified from the mixture of the two.

The artificial vanilla extract (Kroger brand) contained a mix
of synthetic ethyl vanillin (35%) and vanillin (65%). The vanillin
had a negative “C age (A"C = +168.4 + 1.5%0), suggesting its
source is wood that contains bomb carbon and is less than
several decades old. The ethyl vanillin had a A™C value of
—957.7 £+ 2.1%o prior to Cyprc correction, suggesting a petro-
leum source. Apparently, this manufacturer of artificial vanilla
flavoring is mixing modern and petroleum-based starting
materials to make their flavoring. Although there are no
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Figure 5. A'*C values of bulk materials and lignin phenols purified
from bulk materials. All bulk values are corrected for combustion and
graphitization. All purified compounds are corrected for HPLC and
chemistry when appropriate. All data were corrected for isotopic
fractionation with online 6'*C-AMS values as stated in the text. The
line shows the 1:1 ratio that is expected if all purified compounds
agree exactly with bulk values.

consensus values for this unknown sample, the large difference
in the A™C values of vanillin and ethyl vanillin purified from
the artificial vanilla confirms that vastly different A™C signa-
tures can be obtained from a mixture.

Microwave Digestion. In order to assess the contribution of
Cehemistry (CuO oxidation and sample extraction and drying) to
wood and leaf samples, we subjected natural vanillin to HPLC
purification alone and also to microwave digestion followed by
HPLC purification. The difference between the AC values of
these two sample preparation methods represents the contribu-
tion from Cepemisay- A correction of 0.8 ug of carbon with a A1C
value of —1000%o is required to make the AMC value of the
microwaved and HPLC-purified modern vanillin agree with the
HPLC-purified vanillin that was not microwaved (Table S-2,
Supporting Information). This result does not require that the
entire Cehemistry 1S in fact radiocarbon dead but only that it can
be accounted for using this correction. The actual amount of
Cehemistry could be greater and have a less negative A“C value.
The most likely source of this carbon is sample carryover and
leaching in the microwave vessels and polycarbonate centrifuge
tubes. These containers cannot be baked at 500 °C prior to
use and traces of lignin phenols and other sample components
may remain in the cups and be freed during the microwave
process. In the future, we will attempt to minimize this source
of C by cleaning Teflon vessels as well as possible and using
glass centrifuge tubes instead of polycarbonate tubes.

Agreement of A1*C Values of Processed Materials with
Bulk Values and Sample Size Limitation. The A*C values
of lignin phenols purified from MV, Pacific NW leaves, and IAEA-
C5 wood generally agreed with bulk consensus values after proper
background corrections for C., were applied (Table S-2, Support-
ing Information, and Figure 5). This agreement was best for samples
that were >80 ugC (the difference between corrected and uncorrected
values are <6%o, demonstrating that the introduction of the dead C
contamination prior to AMS sample preparation is negligible; Figure

8938 Analytical Chemistry, Vol. 82, No. 21, November 1, 2010

4 and Table S-2, Supporting Information). For sample sizes between
10 and 80 ugC, evaluation of the background signal associated with
full sample processing is necessary in order to correct final results
and determine the appropriate error. This mass balance correction
is done such that all processed small samples are forced to agree
with consensus values for bulk samples/standards within +2¢
(Figures 3 and 4). Additionally, note that, in this size range, the A"C
values of lignin phenols purified from IAEA-C5 wood (a standard
of intermediate radiocarbon content; Table 1) agreed with the
consensus value (Figure 4), because most of the exogenous carbon
introduced by our method is from a DC source (Table 2). As a
consequence, DC contamination from this method should be even
less evident in future *C analyses of unknown lignin phenols with
AMC values similar to IAEA-C5 or even more depleted (older).

While the errors on samples smaller than 10 ugC often
overlapped with the consensus value for that material, the error
bars are so large that the values are not meaningful (Figures 3
and 4). These results suggest that sample sizes of lignin phenols
purified using this protocol that are smaller than 10 ug are not
suitable for A“C analysis. Note that MC and DC values
quantified as shown in Table 2 were used to mass balance correct
all A™C values shown in Tables S-1 and S-2 (Supporting
Information), including the small aliquots produced from IAEA-
C7 and -C8 (AMS sample processing only, results not shown) and
IAEA-C5 (full procedure, Table S-2, Supporting Information, and
Figure 4). Therefore, we were able to verify the accuracy of our
method as well as the background calculations applied. A
comparison of A"C values of bulk and purified compounds
suggests good agreement between the two and that the more
depleted the A'™C value, the closer the agreement between the
bulk and compound results (Figure 5).

The method developed here demonstrates that samples can be
prepared for CSRA of individual lignin phenols with carbon contami-
nation from “modern” (0.35 £ 0.18 ug; from AMS sample preparation
only) and “dead” (1.8 £ 0.9 ug; Cehemistry» Crprc and Canms) sources.
‘When properly characterized using a series of bulk materials and
standards with a range of sizes and A*C values, this C.r can be
corrected for in samples as small as 10 ugC. The overall yield of
the two-dimensional HPLC purification procedure is ~50%, pro-
vided that loss during solvent evaporation steps is minimized. The
method successfully separated lignin phenols from both modern
and dead sources in the same sample. One unknown sample of
artificial vanilla flavoring demonstrated that it contained a mixture
of vanillin from modern sources (likely wood pulp) with ethyl
vanillin from petroleum sources.
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