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Graphite oxidation chemistry is relevant for designing
cleaning strategies for radiocarbon dating samples†

Amir Joorab Doozhaa and Kristin M. Poduska∗,a,b

We demonstrate that mixtures of graphite and lab-oxidized graphenic carbon materials can be
separated into three individual components (graphite, graphene/graphite oxide (GO) and oxidative
debris (OD)) by a series of aqueous treatments. Our results show that a key part of this separation
procedure involves a water treatment and sonication near neutral pH in order to separate GO from
OD. We show that the relative proportions of OD and GO – independent of any humic substances
– can affect the ability of oxidized graphite to be suspended in water, which can influence the
efficiency of the separation procedures we describe. We compare and contrast our protocol with
others that are widely used for cleaning archaeological charcoal prior to radiocarbon dating. Our
protocol has potential applications for tailored cleaning procedures for graphenic carbon materials,
including the possibility of separating GO from both OD and from graphite, for radiocarbon dating
purposes.

1 Introduction
Graphenic carbon material from archaeological samples is widely
used for radiocarbon (14C) dating.1–3 However, datable material
must be cleaned to remove carbonaceous contaminants that con-
tribute to specimen radiocarbon levels. Because different forms of
carbon-containing materials have very different chemistry, there
are specialized decontamination procedures for minerals (such as
bone), organic materials (such as collagen), and graphenic mate-
rials (such as charcoal). An extremely effective cleaning method
– that applies uniquely to graphenic carbon materials – involves a
successive acid-base-acid (ABA) treatment,4 as shown schemati-
cally in Figure 1a. Previous studies have concluded that the first
concentrated acid rinse expands the spacing between graphitic
layers to remove intercalated counterions5,6 and mineralized car-
bonates,2 washing with concentrated base remove humic sub-
stances,1,2,4 and the last concentrated acid wash removes surface-
adsorbed CO2.2 Samples are exposed to water between each step
to rinse and neutralize pH. Although the ABA cleaning method is
used routinely in radiocarbon laboratories throughout the world,
poorly preserved specimens can be completely broken down dur-
ing the water and base rinses, thereby leaving no solid material
for dating. To address this problem, it is an ongoing area of re-
search to investigate modifications and alternatives to the ABA
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kris@mun.ca
† Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 10.1039/b000000x/

cleaning treatment that can be tailored for poorly preserved spec-
imens.2,3,7,8
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Fig. 1 Schematic comparisons between (a) typical acid-base-acid
(ABA) cleaning for radiocarbon samples and (b) steps to separate
graphene oxide (GO) and oxidative debris (OD) from as-prepared
oxidized graphite (aOG). All HCl and NaOH treatments are at 1 M.

The radiocarbon ABA treatment steps resemble the series of
base and acid treatments that are typically involved in producing
graphene oxide from graphite. Graphite oxidation has drawn a
great deal of attention from chemists since it improves the abil-
ity to suspend graphenic carbon materials in water.9,10 However,
the oxidation processes tend to yield graphenic particles with a
range of different lateral dimensions, thicknesses, oxidation lev-
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els, and surface terminations.11,12 For clarity, in this work we
adopt nomenclature for different kinds of graphenic carbon par-
ticles that was put forward by others.13

One of the most efficient ways to oxidize graphite is by chem-
ical methods,14,15 as shown schematically in Figure 1b. As-
prepared oxidized graphite (aOG) is readily suspended in water,
and it has been shown to consist of a combination of graphene
oxide (GO) along with highly oxidized, low molecular weight ox-
idative debris (OD).16,17 In order to separate GO from OD, the as-
prepared product can be treated with concentrated base causing
the GO to sediment while the OD remains in the supernatant.10,17

OD can then be precipitated from the supernatant using concen-
trated acid.10,17

Despite the similarities between the radiocarbon ABA clean-
ing procedure and the GO isolation procedure, there is virtu-
ally no overlap between these two fields in the literature. It is
well documented that the ABA protocol separates humic sub-
stances, which are highly oxidized carbonaceous species, from
graphite.1,2,4 Previous radiocarbon-related literature shows evi-
dence that oxidized graphite exists in archaeological charcoal.18

GO-related literature is more recent, and some reports equate
OD with humic substances.10,19 However, no studies have inves-
tigated how graphenic carbon material that is intentionally oxi-
dized is affected during different steps of the ABA cleaning pro-
cedure.

In this work, we show that there are synergies between (1) the
chemistry involved in removing OD and GO from aOG and (2)
the chemistry involved in the ABA cleaning of graphenic carbon
materials used for radiocarbon dating. First, we show that a dif-
ferent cleaning sequence of water/sonication-base-acid (WSBA)
helps to separate oxidized graphite from graphite and oxidative
debris. Next, we use existing knowledge of OD chemistry to ex-
plain why water and base rinses could diminish the quantity of
graphenic carbon material that can be recovered after a standard
ABA treatment. Finally, we demonstrate that the relative propor-
tions of OD and aOG – independent of any humic substances –
can affect the ability of oxidized graphite to be suspended in wa-
ter, which can affect the efficiency of such separation procedures.

2 Experimental

2.1 Oxidation of graphenic carbon materials

Starting materials were graphite flakes (Alfa Aesar, 99.8% purity,
325 mesh) or pyrolyzed charcoal (mixture of fir and pine, heated
in a nitrogen atmosphere from 30◦C to 480◦C over 1 hour, then
held at 480◦C for 20 minutes). All purchased chemicals were ACS
reagent grade: KMnO4 (99%), NaOH (97%), and H2O2 (30%)
from ACP, with HCl (38%) from Caledon, and H2SO4 (98%) from
Merck. All reactions used ultrapure water (Barnstead Nanopure
Diamond, 18.2 MΩ·cm).

Our graphite oxidization protocol followed a modified Hum-
mer’s method.20,21 Powdered graphite or charcoal (1 g) was
stirred in 50 mL H2SO4 for 1 hour while immersed in an ice bath
to hold the temperature at 0 ◦C. Then, 3 g of KMnO4 was added
very slowly over 1 hour while keeping the temperature between 0
and 5 ◦C. The mixtures were then removed from the ice bath and

warmed to room temperature during continuous stirring. After
an hour, the mixtures became very thick and difficult to stir. They
were then heated to 40 ◦C and left for 1 hour under automatic
stirring (800 rpm). 80 mL of nanopure water was then added
to the mixtures over a span of 5 minutes, after which the tem-
perature was increased to 90 ◦C, followed by stirring for another
hour. Afterwards, 6 mL H2O2 was added to the mixtures along
with 200 mL water, followed by 1 hour of stirring. At this point,
the product from graphite flakes transformed into a golden sus-
pension, while the product from charcoal became an opaque dark
brown suspension. The mixtures were centrifuged at 8500 rpm
for 10 minutes to separate the sediment from the supernatant.
The sediments were washed 3 times with nanopure water, yield-
ing either a brown jelly (when derived from graphite flakes) or
a dark brown sludge (when derived from charcoal). Sediments
were dried in an oven overnight at 50 ◦C. In the remainder of
this work, we refer to these dried sediments as either as-prepared
oxidized flake graphite (aOG) or as-prepared oxidized charcoal
(aOC).

2.2 Isolating GO and OD from oxidized graphenic carbon
materials

Sequential base and acid treatments facilitated separation of
graphite/graphene oxide (GO) and oxidative debris (OD) from
aOG and aOC.10,17

0.05 g of brown aOG solid (or black aOC solid) was dispersed
in 250 mL of 1 M NaOH and stirred for 1 hour under reflux con-
ditions at 90 ◦C. Immediately after adding base, the aOG mix-
ture became dark and opaque; the aOC became transparent light
brown. After the coagulants cooled to room temperature, cen-
trifugation separated the black solid residuals from the super-
natants. The supernatant from aOG was clear and colourless,
while the aOC supernatant was transparent light brown. The
solid residuals were dispersed in water and centrifuged; after 5
such rinses, the supernatant had neutral pH. The resulting sedi-
ment was GO, and the supernatant contained OD in suspension.

250 mL of 1 M HCl was added to the OD-containing super-
natants obtained after both base washing and neutralization, fol-
lowed by 30 min of stirring and oven-drying at 60 ◦C overnight.
The powder that remained was OD (white from the aOG precur-
sor, and pale yellow from the aOC precursor).

2.3 Specimen characterization

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra were recorded using a Bruker Alpha II spectrom-
eter (diamond crystal, 36 scans, 4 cm−1 resolution). UV-VIS spec-
tra were acquired with a Varian Cary 6000 spectrometer with
0.1 second average time, 1 nm resolution, and 600 nm/min scan
rate. Representative particle sizes were assessed from optical mi-
croscopy images (Leica, 5x and 20x NPLAN objectives) that were
analyzed using Fiji particle analysis routines.22
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3 Results and discussion
3.1 Separating mixtures with WSBA
In an archaeological charcoal sample, one might expect to find a
mixture of graphite, GO, and OD, along with other foreign ma-
terial. As a simpler test case, we outline a protocol to separate
a mixture of graphite, aOG, and OD. This water/sonication-base-
acid (WSBA) procedure is shown schematically in Figure 2, and
summarized in Table 1.

Action Description
0. Starting mixture graphite (0.02 g) + aOG (0.02 g)

+ nanopure water (10 mL)
1. Sonication 60 minutes
2. Filtration 8 µm pore size paper (Whatman)
3. Dry solid (1), retain 8-12 hours at 50 ◦C
4. Base treat the filtrate 1 M NaOH (pH=13, 20 mL) for

1 hour at 100 ◦C
5. Filtration 8 µm filter paper (Whatman)
6. Dry solid (2), retain 8-12 hours at 40 ◦C
7. Acidify the filtrate 1 M HCl (pH=2, 20 mL)
8. Dry solid (3), retain 12 hours at 80 ◦C

Table 1 A summary of the water/sonication-base-acid separation
protocol. This produces three different solids: (1) as-prepared oxidized
graphite (aOG), (2) graphite/graphene oxide (GO), and (3) oxidative
debris (OD).

sonication
GO

(sediment 2)

OD
(suspension)

HCl
OD

(sediment 3)

graphite

+

aOG

H2O

graphite
(sediment 1 )

aOG
(suspension)

NaOH

Fig. 2 Water/sonication-base-acid (WSBA) protocol for separating GO
(sediment 2) from graphite (sediment 1) and OD (sediment 3).

Infrared spectroscopy allowed us to track structural changes
in individual components, and also provided a qualitative way to
monitor the efficacy and range of product variability at each sepa-
ration step. Figure 3 compares ATR-FTIR spectra for each compo-
nent at different stages of the WSBA procedure, displaying rep-
resentative spectra from three different separation experiments
using the same starting materials. These spectra are discussed
below in the context of each stage of the separation protocol.

The first step in our WSBA protocol is sonication in water. Oth-
ers report that, during sonication, aOG breaks into smaller pieces
more easily than graphite breaks.23,24 There is a strong prece-
dent in the literature for using sonication to alter the size of
oxidized graphenic carbon.25–27 We exploit this to separate the
larger graphite pieces from the smaller aOG pieces by filtration
(Step 2 in Table 1).

Our IR data suggest that this combination of sonication and fil-
tration works very well to extract graphite. Reports by others28,29

show that graphite flakes do not exhibit many distinguishable IR
peaks, and our data (Figure 3a) is consistent with this. Weak ab-
sorption bands at 3400 and 1600 cm−1 are due to O-H stretches
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Fig. 3 Representative ATR-FTIR spectra, before (blue) and after (red)
sonication in water, of (a) graphite flakes, (b) aOG, (c) GO and (d) OD.
Spectra are offset along the vertical axis for clarity. In each plot, the
orange spectra correspond to the extracted component after the noted
WSBA step. The plot legends indicate the precise preparation
conditions for each sample, based on the procedure outlined in Table 1.
In (c) and (d), the benchmark GO and OD samples were separated from
unsonicated aOG using 1 M NaOH (pH=13) followed by 1 M HCl
(pH=2). Note that the intensity scales for (a) and (d) are the same, and
that they are expanded relative to (b) and (c).

and C=C vibrations, respectively.29 Figure 3a shows that there is
no change in the IR peak positions between the starting graphite
flakes (blue spectra) and the graphite after sonication (red spec-
tra). Furthermore, the sonicated, large-size-filtered solid (orange
spectra) does not show any additional peaks in the IR spectrum.

Unlike graphite, the aOG that exists in the filtrate (Step 2 in
Table 1) shows very distinctive IR peaks (Figure 3b) due to the
formation of oxygen-related functional groups such as carboxyl,
alcohol, epoxide, and carbonyl. The peak positions for our aOG
specimens are consistent with results from others.17,20,21,30 The
peaks at 2800 and 2900 cm−1 are due to CH2 symmetric and
asymmetric stretching modes, respectively. The peak at 1600
cm−1 is associated with water bending, while the 1300 cm−1 peak
results from C-O stretches. The broad band from 2400 to 3800
cm−1 is related to O-H stretching modes, the sharp peak near
1700 cm−1 is associated with carbonyl groups, and the peak near
1030 cm−1 is related to C-O bonds in ester and carboxylic acid.

Journal Name, [year], [vol.], 1–7 | 3

Page 3 of 8 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
8 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 M
em

or
ia

l U
ni

ve
rs

ity
 o

f 
N

ew
fo

un
dl

an
d 

on
 5

/8
/2

01
9 

4:
23

:3
7 

PM
. 

View Article Online
DOI: 10.1039/C9AY00046A

https://doi.org/10.1039/C9AY00046A


Others have shown that size of GO flakes, and thus changes to
the edge-to-area ratio, will affect the relative proportion of edge-
groups (COOH) and in-sheet defects (C-O), which contributes to
variations in relative FTIR peak intensities.26,27 Indeed, we ob-
served changes in FTIR relative peak intensities before and after
sonication. We note that we cannot rule out the possibility that
some smaller graphite pieces exist and remain mixed with the
aOG in the Step 2 filtrate. Similarly, it is possible that a small
amount of aOG remains attached to the the filter paper.

Once the graphite solid is removed, the filtrate is then treated
with strong base (Step 4 in Table 1) to dissociate GO (which is
larger and less hydrophilic) from OD (which is smaller and tends
to remain in suspension).10,17,31 We note that these experimen-
tal conditions (NaOH at pH 11 and 25 ◦C) are not strong enough
to trigger any reduction processes, and merely serves to decouple
aOG into its two components: GO and OD. Figure 3c shows that
GO obtained after base treatment, filtration and drying (Steps 4,
5, 6 in Table 1) has similar IR peak positions and relative inten-
sities whether with or without exposure to sonication. The peak
intensity variations that occur in the fingerprint region between
1000 and 1300 cm−1 vary from work to work and from sample to
sample, regardless of exposure to sonication.12,16,17,20 The vibra-
tional modes that contribute to peaks in this region are difficult
to identify definitively because different oxygen-based functional
groups contribute to many overlapping peaks. However, a typical
FTIR spectrum for GO shows a broad peak near 3400-3700 cm−1

for O-H stretching, a peak near 1720 cm−1 due to carbonyl vibra-
tions, another peak near 1600 cm−1 for water bending modes,
and a peak near 1040 cm−1 for C-O. We note that peaks at 2800
and 2900 cm−1 are associated with symmetric and asymmetric
stretching modes32 of CH2 and have been reported in GO sam-
ples,33–35 but could be influenced by sonication.36

To extract the remaining solid component (OD), the filtrate is
acidified and dried (Steps 7, 8 in Table 1) by using chemistry that
is well documented in the literature.10,17,31 Figure 3d shows that
IR spectra of OD are similar with or without exposure to sonica-
tion. Oxidized functional groups (C-OH and O-H) can cause the
sharp peaks at 1100 and 3200 cm−1 for OD.10,37

We note that filter paper alone is not sufficient to separate GO
from OD; both will pass through filter paper. OD (like GO) has a
variable chemical composition and size. It is well documented in
the literature that the main difference between them is that OD is
smaller and more highly oxidized than GO. It is also well estab-
lished that in neutral and alkaline solutions, OD complexes with
GO. When aOG is added to a highly alkaline solution, it dissoci-
ates into its two constituents: the GO sediments, while the OD
remains suspended.

As an overall comparison of the WSBA protocol, Figure 4a com-
pares IR spectra for the starting mixture (Step 0) with spectra for
the three extracted solids: graphite, GO, and OD (from Steps 3,
6, and 8, respectively). It is noteworthy that the sum of the three
spectra for the extracted solids would not be identical to spec-
tra for the starting mixture. One of the most obvious discrepan-
cies occurs in the range of 1500-1700 cm−1 (Figure 4a), where
a definitive GO peak does not align with any spectral features
from the starting mixture. There are several contributing factors

to these discrepancies.
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Fig. 4 (a) Representative ATR-FTIR spectra for solids extracted at
different stages of the WSBA protocol: starting mixture (black), graphite
from Step 3 (orange), GO from Step 6 (blue), and OD from Step 8 (red).
(b) Representative ATR-FTIR spectra of GO before and after acid
treatment.

First, the pH history of GO affects its IR spectrum. Figure 4b
shows that there are many changes to peak positions and rel-
ative intensities after GO is exposed to different pH conditions
(while in aqueous suspension) and then dried. After exposure to
1 M NaOH, GO peaks near 1600 and 1400 cm−1 increase, while
spectral features near 1700 cm−1 decrease. The relative peak in-
tensities reverse after exposure to 1 M HCl. Such pH-dependent
changes have been noted by others who monitored the IR spec-
tra of charcoal after ABA treatments,2 and also by others investi-
gating water-GO interactions.12 Interpreting these pH-dependent
peak intensity changes is surprisingly complex. For graphenic
carbon materials, IR peaks have been attributed to carbonyl vi-
brations12 (near 1700 cm−1), C=C vibrations29,38,39 (near 1600
cm−1), and stretching modes of COO– or C-OH (near 1400 and
1200 cm−1).2,39 However, a bending mode of water also occurs in
this region11,12,40 (1609 cm−1), as do S=O stretching modes.30

In our case, it is possible that sulfates were introduced at epox-
ide groups30 while in the presence of H2SO4 during the initial
preparation of the oxidized graphite starting material.

If one naively assumes that changes in relative IR peak inten-
sities near 1600 cm−1 are affected solely by the relative num-
ber of these different chemical moieties, then one might conclude
from Figure 4b that a pH increase removes carbonyl groups and
increases water, COO– , C-OH, or S=O groups. However, de-
tailed studies by others12 that correlated IR spectra with NMR in
isotopically altered samples suggest that such changes are likely
caused by IR absorbance differences of water due to reorientation
in the presence of Na+. Thus, even though the changes in rela-
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tive IR peak intensities are consistent across different specimens
and are clearly correlated with the sample’s pH history, it is not
appropriate to infer detailed structural information from IR peak
intensity changes alone.

3.2 Interactions between GO and OD in water

Since the WSBA separation procedure relies on separating com-
ponents by sedimentation, there is the potential to fine tune the
separation procedure if one can change the amount or stability of
material in suspension. We show that the relative quantity of OD
plays an important role in the ability of aOG to remain suspended
in water over time.

For context, previous studies have shown that chemical oxidiza-
tion produces GO and OD in 2:1 ratio, and that OD adheres to GO
by hydrogen bonding to making the as-prepared complex easy to
suspend in water.10 Because both OD and GO react readily with
water and can exist in a range of sizes, there is no fixed chemical
structure or composition for either OD or GO.16

In our experiments with enriched OD levels, 0.03 g of aOG was
dispersed in 50 mL of nanopure water, then divided into 15 mL
aliquots, with 0.5 g of OD added (extracted from either aOG or
aOC). These mixtures, along with a control sample containing
only aOG, were stirred at 400 rpm for 15 minutes and then left
standing for one day.

Figure 5 shows different time-dependent sedimentation behav-
ior with and without enriched OD levels. After one day, an aOG
suspension (Figure 5a) shows a dark opaque sediment that is
clearly separated from a translucent brown supernatant. Under
the same conditions, the presence of additional OD (Figure 5b)
causes a uniformly coloured translucent suspension with no vis-
ible sediment. Based on these results, it is tempting to assume
that additional OD makes aOG more soluble in water. How-
ever, lengthening the sedimentation time to 7 days (Figure 5c,d)
demonstrates that OD does not dissolve aOG, but instead helps
it to aggregate and precipitate out over time. To help support
this conclusion, representative UV-vis spectra for these different
supernatants are compared in Figure 5e. The aOG (solid black
curve) has a distinctive peak near 220 nm and a shoulder near
300 nm, which others have attributed to different electronic tran-
sitions within graphenic carbon materials.15,20 These characteris-
tic spectral features appear in supernatants from unenriched aOG
after 1 day (solid blue curve) and 7 days (dashed blue curve),
as well as in OD-enriched mixtures after 1 day (solid red curve).
However, supernatant from OD-enriched mixtures after 7 days
(dashed red curve) have no distinctive UV-vis features, which is
consistent with the absence of aOG in the supernatant.31

This simple enrichment experiment is important for several rea-
sons. First, our results demonstrate that the relative proportions
of OD and aOG – independent of any humic substances – can af-
fect how readily oxidized graphite stays in suspension over time.
This means that time and OD enrichment protocols could – in
principle – be developed to help separate graphite from OD and
GO.

1 day 7 days

(a) aOG (b) aOG + OD (c) aOG (d) aOG + OD

1.0

0.5

0.0A
bs

or
ba

nc
e 
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.u
.)

800700600500400300200
Wavelength (nm)

(e)
 aOG starting
 aOG, 1 day
 aOG, 7 days
 aOG + OD, 1 day
 aOG + OD, 7 days

Fig. 5 Photographs of aOG (a,c) and aOG + extra OD (b,d) after one
day (a,b) and seven days (c,d). Plot (e) compares representative UV
spectra of fresh aOG suspension (black curve) with supernatants of
aOG (blue curves) and OD-enriched aOG (red curves), after sitting for 1
day (solid curves) or 7 days (dashed curves).

3.3 Comparing WSBA to radiocarbon sample cleaning pro-
tocols

In this work, we apply a water/sonication-base-acid (WSBA)
treatment, which includes sonication during the water treatment,
in order to separate a mixture of graphite, GO, and OD. This
mixture is a simplistic model system that mimics the types of
graphenic carbon materials that could be present in fossilized
charcoal. This is the first time that graphenic carbon chem-
istry10,17 been applied rationally to the separation of graphite-
based materials related to radiocarbon dating applications.

We are not the first to use water treatments to separate char-
coal from other carbonaceous material. In an earlier study, others
found that significant weight loss can occur after water treatment
of fossil charcoal.2 They attributed the weight loss to removal
of poorly preserved (oxidized) graphite, citing earlier work that
suggested that fossil charcoal can be oxidized during weathering
to produce carboxyl groups.1,18 These earlier studies also sug-
gested the possibility of OD formation in archaeological samples,
proposed in terms of "self-humification."18 These studies from the
radiocarbon literature1,2,18 pre-date much of the GO and OD sep-
aration literature that informs our WSBA protocol.10,12,17

In broader context, the reason that our experiments, and an
explicit link between GO/OD literature and ABA literature, are
important, is that they introduce informed strategies to capture
and separate GO and OD from graphite. We are the first to pro-
pose this. This is significant because it opens the door for new
experiments that could test the viability of using GO or OD as a
material for radiocarbon dating. In principle, the oxidation pro-
cesses that produce GO and OD from graphitic materials would
not alter a specimen’s original (datable) carbon. However, this
idea has not been broached in the radiocarbon dating literature.
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The current norm is that oxidized graphite should be removed be-
fore dating. For example, one modification of the ABA procedure
is ABOx, wherein an oxidation process (based on K2Cr2O7 and
H2SO4) replaces the last acid (HCl) treatment in the usual ABA
protocol, in order to remove oxidizable carbon before dating.3,7

Although it is logical that graphite would remain the preferred
material for radiocarbon dating, some samples disintegrate dra-
matically after base (NaOH) washes during the standard ABA
treatment.2 For such poorly preserved samples wherein severe
graphite oxidation is suspected, our WSBA protocol could be help-
ful for capturing additional graphenic carbon material, in the
form of GO and/or OD. A substantial number of future experi-
ments would be necessary to explore the conditions under which
our WSBA treatment could help extract graphite-based materials
that produce reliable radiocarbon dates.

One of the main operational differences between our WSBA
separation procedure and other ABA-based cleaning procedures
for datable radiocarbon materials is our use of sonication (Step 1
in Table 1). We explored a range of different experimental condi-
tions to determine that filtration of suspensions (pH 5-8) and/or
centrifugation (2000-8500 rpm, 1-15 minutes) on their own are
not effective for separating graphite flakes from aOG. We found
that the most effective method was to centrifuge (8500 rpm for
10 minutes) when the aqueous solution was strongly alkaline (pH
11), followed by filtering (8 µm pore size).

As described above, sonication is known to break aOG into
smaller pieces more easily than graphite.23–27 Optical microscopy
images of our samples before and after sonication confirm that
this holds true in our experiments (Figure 6). We note that these
representative images do not give truly comprehensive informa-
tion about the distribution of sizes within the full sample, but they
do provide evidence that sonication reduces the particle sizes of
aOG well below the pore size of our filter paper (8 µm diameter,
∼60 µm2 cross-sectional area). For example, statistical analy-
ses of particle sizes shown in Figure 6 indicate that sonication
reduces the median particle area of graphite from ∼110 µm2 to
∼80 µm2, and reduces the median particle are of aOG from ∼110
µm2 to ∼10 µm2. This illustrates why it is feasible to separate
the larger graphite pieces from the smaller aOG pieces using fil-
tration. Based on our FTIR data (Figure 2), filtration-based size
separation is very effective on our simplistic test mixture.

However, applying this method successfully to archaeological
samples would likely be much more challenging. Factors such as
oxidation method, reaction time, oxidants, pH, and sonication are
known to affect the sizes of aOG particles41–45, ranging from less
than 1 µm to greater than 200 µm.26,38,46,47 The stability and
dispersibility of aOG in water are strongly associated with the
lateral size of aOG and C-O content, and some studies have cor-
related zeta potential (effective surface charge) data with the sus-
pension behaviours of aOG.27 Thus, since any oxidation within an
archaeological charcoal sample will undoubtedly occur in a very
different manner from the harsh chemical oxidation that we used
in our simplistic test model, the sonication step would likely have
different effects on any given archaeological sample.

It is also worth noting that cleaning procedures for radiocar-
bon dating samples must be designed to avoid introducing differ-

(c) sonicated graphite

(a) graphite (b) aOG

(d) sonicated aOG

Fig. 6 Representative optical microscopy images of (a) graphite, (b)
aOG, (c) sonicated graphite, and (d) sonicated aOG. The opaque
graphite particles (a,c) show greater contrast than the optically
transparent aOG (b,d). Scale bars represent 100 µm in all images; in
(d), the image is magnified to show particle outlines more clearly.

ent sources of carbon into the specimen. For example, samples
are never handled with bare hands, and all stages of the clean-
ing involve aqueous treatments (to avoid contact with organic
solvents). In the case of the WSBA procedure outlined here, we
use carbon-based filter paper at two different stages (Steps 2 and
5 in Table 1). If future studies indicate a need to avoid contact
with filter paper, we note that others have used a range of meth-
ods to isolate aOG particles based on size differences, including
centrifugation, magnetic stirring, density gradient ultracentrifu-
gation, and electrophoresis.47–49

4 Conclusions
In this work, we show synergies between (1) the chemistry in-
volved in removing graphenic oxide (GO) and oxidative debris
(OD) from oxidized graphenic carbon materials, and (2) the
chemistry involved in ABA cleaning of graphenic carbon mate-
rials used for radiocarbon dating. Drawing on literature from
the subfields of GO chemistry and radiocarbon dating, we in-
troduce a different cleaning sequence of water/sonication-base-
acid (WSBA) that is designed to separate graphite from GO and
OD. Furthermore, we demonstrate that the relative proportions
of OD and aOG – independent of any humic substances – can
affect the ability of oxidized graphite to be suspended in water,
which can effect the efficiency of the separation procedures we
describe. In principle, this could be used to fine tune separation
procedures during sample cleaning for radiocarbon sample prepa-
ration. Finally, we use the chemistry of OD to explain why WSBA
could be more advantageous than traditional ABA cleaning pro-
cedures in some situations, such as the case when water and base
treatments diminish the quantity of poorly preserved (oxidized)
graphite that could be recovered after a standard ABA cleaning
treatment. Looking forward, it is interesting to speculate whether
GO and OD could be viable materials for radiocarbon dating, if
extracted from archaeological charcoal samples.
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Our protocol has potential applications for separating graphite oxide from graphite and oxidative debris for 
radiocarbon dating purposes. 
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