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a b s t r a c t

A quick and direct method for identifying organic components of papers in library and archival col-
lections with minimal destructive sampling is needed for preservation, forensic, and general purposes.
Direct analysis in real time mass spectrometry (DART-MS) is used for characterizing 16 reference papers
of known manufacture in terms of their pulp composition and pitch contaminants. Unique mass spectra
are obtained from bleached kraft, chemithermomechanical, and stone groundwood pulp papers in real
time without extractions, derivatizations, chromatographic separations, and other time- and chemical-
consuming sample preparations. Phytosteroids are volatilized from bleached hardwood kraft but not
from bleached softwood kraft papers, which differentiates the two of them. The kraft papers are in turn
differentiated from chemithermomechanical pulp papers by lignin-derived thermolyis products: syringyl
products arise from hardwood, but guaiacyl and coumaryl products arise from softwood, chemithermo-
xtractives
ulp

mechanical pulp papers. Stone groundwood papers contain a number of extractives that are volatilized,
which serve to differentiate them from all the other papers. Papers that contain rosin vs. alkyl ketene
dimer (AKD) sizings are immediately differentiated. The DART-MS methodology is fast and simple, and
the spectra are repeatable. Microsamples as small as ∼10 �g tweezed from the paper surface may be
analyzed. These benchmark spectra are the prelude to further applications of DART-MS in paper research
and the beginning of the development of a searchable library of DART-MS spectra of printing and writing

ongr
papers by the Library of C

. Introduction

The chemical composition of printing and writing papers varies
ith manufacture and age [1–4]. Some of the most stable Euro-
ean papers were hand-made prior to approximately 1650 from
igh-quality linen rags. These papers contain long cellulose fibers,

requently have an alkaline pH from calcium and magnesium car-
onates, and are impregnated with gelatin as an external sizing
gent, which was used to either decrease or prevent ink from feath-
ring when applied to the paper. During the latter half of the 17th
entury, mechanization and the newly born science of chemistry
5] began to play greater roles in paper production. Papermaker’s
lum (aluminum sulfate, Al2(SO4)3·18H2O) began to be used to help

et the gelatin sizing and improve the properties of the sheet, but
t was not yet known that Al3+ would undergo hydrolysis in the
resence of water to generate acidity (pKa = 5.0) [4]. The Indus-
rial Revolutions of the 18th and 19th centuries then gave rise to
ew papermaking machinery that severely macerated the pulp and
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fast heat-dried the paper. This was coupled with the use of sul-
furic acid and chlorine as bleaches; the substitution of rag fibers
with straw, vegetable, and ultimately, in 1840s, mechanical stone
groundwood; and the replacement of gelatin with alum-rosin inter-
nal sizing. Mechanical pulp fibers are short and unpurified so they
contain high levels of lignin and other phytochemicals that are
either inherently acidic, can decompose to produce acids, and/or
can cause photoyellowing. Rosin sizing contains abietic and sim-
ilar acids, and requires alum and an acidic pH for efficient sizing.
Deterioration of the physicochemical properties of paper continued
into the 20th century in spite of the invention of delignified chemi-
cal wood pulp and the introduction of calcium carbonate as a filler.
During the late 20th century, alkaline papermaking using the syn-
thetic sizing agents alkyl ketene dimer (AKD) and alkenyl succinic
anhydride (ASA) and chlorine-free bleaching processes began to be
used in response to environmental regulations and concerns about
the archival permanence of paper. However, acidic papers that con-
tain alum-rosin sizing continue to be produced around the world

[6]. International movements toward green technology are setting
targets for the use of high-yield chemithermomechanical and post-
consumer recycled pulps in 21st century papers [7]. Consequently,
the paper substrate that is the base material in library and archival
written and printed collections is and will continue to be inherently

dx.doi.org/10.1016/j.ijms.2010.07.025
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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ighly variable and subject to chemical degradation at variable
ates.

Determining the various chemical components of different
aper substrates and their impact on long-term physical and optical
tability, and determining the impact of conservation treatments
n the components, is a challenge. Although the acidity of paper is
ell accepted as having a major impact on stability, other chemical

omponents including metal ions, lignin, additives, and degrada-
ion products, and effects of temperature, humidity, oxygen, light,
nd pollutants on the chemical components, also impact degrada-
ion [8]. Studies of historic naturally aged papers have provided
seful insights into some degradation processes [2,9–11], but the
riginal properties of the papers and the conditions under which
hey have been stored are variables that can impact their physic-
chemical properties in unknown ways. To reduce the variables,
tudies of modern reference papers of known manufacture are now
eing used more extensively in accelerated aging experiments to
odel aging behavior of naturally aged papers. These reference

apers include one set made in the early 1990s for researchers in
he European conservation community [12] and another set made
n 1995 for the ASTM International Institute for Standards Research
ASTM-ISR) as part of the ASTM Paper Aging Research Program [13].
queous and organic extracts of some of the ASTM-ISR papers, of
hich the Library of Congress is steward, were analyzed before and

fter accelerated aging, but the chromatographic methodologies
ere indirect and compound-class specific: capillary electrophore-

is (CE) with either UV or photodiode array detection was used to
etect low-mass water soluble aliphatic acids and either water-
r methanol-soluble monomeric lignin degradation products; high
erformance liquid chromatography (HPLC) with UV detection was
sed to detect methanol-soluble monomeric lignin degradation
roducts; ion chromatography with pulsed amperometric detec-
ion was used to detect low-mass water soluble sugars; and gas
hromatography–mass spectrometry (GC–MS) was used to detect
ethyl-t-butyl ether soluble fatty and resin acids after silylation.
Other analytical methods have also been used to study paper.

ourier transform (FT) infrared, near infrared, and FT-Raman
pectroscopy, with or without either spectral deconvolution or
hemometric analysis, have been used to study paper degrada-
ion [14,15]. These non-destructive spectroscopic methods may
eveal functional groups of predominant compounds but not spe-
ific compound identification. Pyrolysis GC (Py-GC) and Py-GC–MS
ave been used to analyze paper and additives with and without
erivatization [16–20]. These micro-destructive methods provide
or identification of compounds volatilized and/or formed by pyrol-
sis, but GC is limited by compound volatility and thermal stability,
nd the analyses are time consuming.

An analytical technique that provides fast sample throughput
nd identification of relevant organic compounds with minimal
estructive sampling would be invaluable in paper research. Direct
nalysis in real time mass spectrometry (DART-MS) is a relatively
ew MS method that directly and quickly identifies intact volatile,
emivolatile, and nonvolatile polar organic compounds in a variety
f matrices without extractions, derivatizations, and chromato-
raphic separations [21]. Analyses of solid samples have included
riting inks [22], bacterial whole cells [23], flies [24], plant materi-

ls [25], and toys [26]. Several studies have addressed mechanisms
f ion formation and factors that impact sensitivity and repro-
ucibility [21,27–29].

This article is the first to describe methods to characterize print-
ng and writing papers by using positive ion DART-MS. Whatman

1 100% cotton cellulose filter paper and the 15 ASTM-ISR reference
apers were analyzed. Specific techniques that provide a thorough
nalysis, and the repeatability and sensitivity of the method for
nalyzing microsamples, are addressed. Positive ions observed by
sing DART-MS are discussed in relation to ions observed by using
pectrometry 301 (2011) 109–126

Py-MS, which provides added insight into ion formation from solid
materials by using DART-MS.

2. Experimental

2.1. Instrumental analysis

The mass spectrometer used in these experiments is a JEOL JMS-
T100 DART AccuTOF-D (JEOL USA, Peabody, MA) equipped with a
second-generation DART ion source (IonSense, Saugus, MA). The
pertinent settings for the interface between the pinhole orifice at
atmospheric pressure and the low-pressure of the time-of-flight
(TOF) mass analyzer were: Orifice One (O1), 30 V and 120 ◦C; ring
lens, 10 V; and orifice 2, 5 V. These settings maximized the proto-
nated water dimer [(H2O)2 + H]+ with m/z 37, which implied that
collision-induced decompositions that occur in the interface were
minimized. To maximize sensitivity across a broad mass range of
10–1000 u, the radio frequency (RF) ion guide voltage was swept
from 100 to 2500 V, with an initial hold time of 60% and a sweep
time of 20% of the spectrum record time, during acquisition of each
spectrum. The spectrum recording interval was 1.00 s, wait time
0.03 s, and data sampling interval 1 ns. The mass resolving power
(m/�m) of the TOF was 6000 (full width at half maximum, FWHM)
at 700 u. The m/z scale was calibrated using water and methanol
clusters, and polyethylene glycol (PEG-600), ions from a methanol
solution in a global calibration (calibration file acquired indepen-
dently of sample file). This method of calibration in conjunction
with scanning the ion guide resulted in an average mass accuracy
of ±3 mmu across the mass range, which is equivalent to ±8 ppm
at m/z 40 and ±1 ppm at m/z 500. This is less accurate than the
manufacturer specified ±2 mmu and significantly less than what
is achievable by using a static ion guide voltage and internal cali-
bration (spectrum of calibrant acquired as part of sample file) [30].
Background spectra were acquired for all analyses and were sub-
tracted from the spectra of the samples.

The DART ion source was operated using a flow of helium that
was registered as 5.0 L min−1 by the MS software but was mea-
sured actually to be 5.77 L min−1 (number of measurements (n) = 5;
relative standard error (RSE) = 1.01%). The actual flow rate was mea-
sured by using a Gilmont GF-8522-1606 rotameter that had been
calibrated by the National Institute of Standards and Technology
(NIST) as reporting a flow rate for helium of 20.4 L min−1 at the
maximum scale reading. Measurements were made by connecting
the rotameter to the ceramic outlet of the ion source using Tygon
tubing.

The ceramic outlet of the ion source was positioned 10 mm from
the pinhole orifice that leaks into the mass analyzer. The tempera-
ture of the helium exiting the ion source was measured at a distance
of 1 mm from the ceramic outlet using a Control Company Traceable
Dual-Channel Thermometer with a type-K beaded thermocouple
probe. This digital thermometer has a sampling time of 0.8–1.0 s
and an accuracy of ±0.75% or ±1 ◦C (whichever is greater).

All equipment to contact paper samples was cleaned using
rinses of purified water, acetone, and dichloromethane (Pesticide
Residue Analysis or comparable grades, Fisher Scientific) to remove
plasticizers and other organic contaminants. Paper sheets were
either cut into 6.4 mm diameter samples using a commercial hand-
held paper hole punch, or microsamples were obtained by tweezing
fiber bundles from the papers under a microscope. Samples were
positioned at room temperature in the helium at a distance of 1 mm

from the ceramic outlet of the ion source by using fine-point stain-
less steel tweezers.

Two types of experiments were conducted that involved heat-
ing the helium to higher temperatures. One involved equilibrating
the helium at different temperatures that were set using the MS
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Table 1
Furnish description of the 15 ASTM-ISR papers.

Number First pulp type Second pulp type pH of stockb pH-control chemicalc CaCO3 (PCC) fillerc External sizingc Internal sizingc

1 100% BNSWK – 5.0 Alum – – Rosin
2 – 8.1 Na2CO3 5% – –
3 100% SW-BCTMP – 5.0 Alum – – –
4 – 8.1 Na2CO3 5% – –
5a 100% COTTON – 5.0 Alum – – Rosin
6a – 8.1 Na2CO3 5% – –
7 20% BNSWK 80% SGW 5.0 Alum – – –
8 7.0 SMI Process 5% – –
9 20% BNSWK 80% HW-BCTMP 8.1 Na2CO3 – – –
10 8.1 Na2CO3 5% – –
11 50% BNSWK 50% BNHWK 8.1 Na2CO3 – – –
12 8.1 Na2CO3 5% – –
13 50% BNSWK 50% HW-BCTMP 8.1 Na2CO3 5% – –
14 5.0 Alum – – Rosin
15 50% BNSWK 50% BNHWK 8.1 Na2CO3 5% Penford Gum 270 AKD

a Samples 5 and 6 were produced by Crane and Co., Inc. at their Dalton, MA paper mill on their Fourdrinier “Pioneer” paper machine. All other papers were made on a
36-inch Fourdrinier paper machine at the Herty Foundation in Savannah, GA. In the table above, the letter designations have the following meanings: SW, softwood; HW,
hardwood; BNSWK, bleached northern softwood kraft pulp; BNHWK, bleached northern hardwood kraft pulp; BCTMP, bleached chemithermomechanical pulp; SGW, stone
groundwood pulp; SMI, Specialty Minerals, Inc.; AKD, alkyl ketene dimer sizing.
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b pH is of the stock, not the paper, in which the stock is the watery pulp that con
c Alum (aluminum sulfate, Al2(SO4)3. 14H2O) was dry, iron-free (General Chemi
as from Specialty Minerals, Inc.; Penford Gum 270 was from Penford Products Co

0 reactive sizing (Hercules, Inc.).

oftware and then acquiring background and sample spectra: an
quilibration time of 15–30 s was needed to obtain a stable tem-
erature reading. A second involved ramping the temperature of
he helium using the MS software: the software was set to a tem-
erature of 20 ◦C, the helium was allowed to equilibrate (to an
ctual temperature of 55 ◦C), data acquisition was begun, back-
round spectra were acquired, a sample was positioned in the
elium, and then the software temperature setting was changed
o 500 ◦C. When the software temperature reading reached 450 ◦C,
ata acquisition was halted. This procedure gave a 125 ◦C min−1

n = 7, RSE = 2.5%) rate of change of temperature of the helium as
easured at the outlet of the ion source ceramic. The MS soft-
are used in these experiments does not permit ramping of the

emperature at operator-defined rates.
.2. Reference papers

The sixteen reference papers analyzed include 15 ASTM-ISR
rinting and writing papers stored at the Library of Congress and
hatman #1 100% cotton cellulose filter paper.

able 2
haracteristics of pulps used in the ASTM-ISR papers.

Furnish Species Fiber length (mm

BNSWK 100% Softwood
70–80% Spruce
20–30% Jack pine
5–10% Balsam fir

2.75

BNHWK 96% Hardwood Populus sp.
4% Softwood
Spruce and jack pine

0.97

SW-BCTMP 100% Softwood
>95% Spruce
<5% Jack pine

2.25

HW-BCTMP (Millar Western Mill)a 100% Hardwood Populus sp. 0.98
HW-BCTMP (Tembec Mill)a 100% Hardwood Populus sp. 0.90
SGW 100% Softwood Picea sp. –
Cotton Gossypium hirsutum 27–29

a Papers that contained HW-BCTMP were made from equal mixtures of the two HW-BC
b Weighted average. The 100% cotton paper was made from long-staple textile-grade c
c Determined at paper mill using TAPPI standard method T203 om-93 (current designa
d Determined at paper mill using TAPPI T204 om-88 (current designation: T204 cm-07
e Determined at paper mill using TAPPI um-251 (current designation: T236 om-06) [34
f Percent (%) klason lignin was calculated from (Kappa number × 0.13) [34] and (Kappa
ll the additives prior to producing the paper on the papermaking machine.
rp.); Na2CO3 (soda ash) was from FMC, Inc.; precipitated calcium carbonate (PCC)
n was Neuphor 635 anionic dispersed sizing (Hercules, Inc.); and AKD was Hercon

2.2.1. Furnish descriptions
The furnish descriptions for each of the ASTM-ISR papers are

given in Table 1, in which “furnish” refers to the aqueous suspen-
sion or “stock” of the fibrous materials and all additives that are
being prepared for conversion into paper [4]. The ASTM-ISR papers
were manufactured in 1995 at paper mills under controlled con-
ditions and chemical specifications (Table 1). Papers made from
cotton (ASTM-ISR papers #5 and #6) and bleached kraft wood
pulps (ASTM-ISR papers #1, #2, #11, #12, and #15) may be consid-
ered “wood-free” because they are highly purified and primarily
contain cellulose. Cotton pulps are used in currency paper, and
bleached kraft pulps are used in fine writing papers. Paper #6
may be considered a close model of stable alkaline pre-1650 rag
papers that contain natural carbonates but without gelatin sizing.
Paper #5 more closely reflects rag papers from the late 1800s to
1900s that contain acidic alum-rosin sizing. Kraft papers #1 and #2,

which reflect 20th century technologies, either are acidic and con-
tain alum-rosin sizing or are alkaline and contain CaCO3 as filler,
respectively. Calcium carbonate fillers have been used since the
early 1900s to provide an increase in paper opacity, brightness, and

)b �-Cellulose (%)c Extractives (%)d Kappa numbere Klason lignin (%)f

84 0.050 0.81 ≤0.1

93 0.18 0.77 ≤0.1

– 0.12 23 ∼3 to 4

– 0.13 23 ∼3 to 4
– 0.15 23 ∼3 to 4
– – – –
– – – –

TMP pulps.
otton fiber [31].
tion: T203 cm-99) [32]. This method can only be used for delignified pulps.
) [33].
].
number × 0.17) [35].
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ulk [3]. Other wood-free papers #11, #12, and #15 represent the
nest modern (late 20th–21st century) printing and writing papers.

n particular, paper #15 is a high-quality bleached kraft alkaline
aper that contains a late 20th-century internal sizing agent, alkyl
etene dimer (AKD), and an external gum sizing (a hydroxyethyl
ther derivative of cornstarch).

Several “wood-containing” papers contain either stone ground-
ood (SGW) or bleached chemithermomechanical pulps (BCTMP).

apers #7 and #8 are similar to wood pulp papers from 1800s
o 1900s: modern stone groundwood pulp is manufactured using
ssentially the same process that was developed in 1800s [3,4].
lthough stone groundwood was used in 1800s and early 1900s

or many types of papers, it is primarily used now in newsprint.
he other wood-containing papers (ASTM-ISR papers #3, #4, #9,
10, #13, #14) were made using BCTMP, which is a late 20th-
entury high-yield wood pulp that is increasingly being used in
oated papers and added to copy/offset/inkjet papers, as described
ore in Section 2.2.2.

.2.2. Pulp characteristics
Some general characteristics of the pulps used in the papers

re given in Table 2. The two kraft pulps, one softwood (spruce,
ine, and fir) and one hardwood (aspen), were delignified using
he alkaline sulfate kraft process followed by bleaching, which
emoves most of the hemicelluloses, extractives (lipophilic phy-
ochemicals such as fatty acids and alcohols, triglycerides, waxes,
erpenoids, lignans, steroids and sterols, stilbenes, and flavonoids
3,36–38]), and lignin. The softwood kraft (BNSWK) pulp contains
small percentage of extractives (0.05%) and lignin (≤0.1%). The
ardwood kraft (BNHWK) pulp contains four times as much extrac-
ives (0.18%) than the softwood pulp, although the amount of lignin
n both pulps is comparable.

The bleached chemithermomechanical pulps (BCTMP) are
echanical pulps that are pretreated with steam and a hot solu-

ion of sodium hydroxide and/or sodium sulfite to soften the
ood chips prior to defibering so that the pulp has longer fibers,
igher strength, and lower fines as compared to stone ground-
ood pulp [3,4]. The pulp is bleached using hydrogen peroxide

totally chlorine free, or TCF, bleaching), which removes conju-
ation (chromophores) but not the lignin [39,40]. Consequently,
he amount of lignin is significantly higher in the BCTMP than the
raft pulps (3–4%), but the amount of extractives is comparable to
he hardwood kraft pulp (Table 2). The TAPPI (founded in 1915 as
he Technical Association of the Pulp and Paper Industry) standard

ethods that were used to provide the analytical data in Table 2
32–34] give no information regarding the identities of the extrac-
ives.

The stone groundwood (SGW) pulp is a softwood (spruce)
echanical pulp. There are no chemical treatments involved, so

his pulp contains all the cellulose, hemicelluloses, extractives, and
ignin that are contained in the original wood.

The final pulp is 100% cotton used in currency paper. The paper
ade from this pulp should be very pure and comparable in chem-

cal composition to Whatman #1 filter paper, which is made from
otton linters.

. Results and discussion

.1. Temperature dependency of mass spectra
In developing the methodology for analysis of paper by using
ART-MS, the temperature of the helium was found to significantly

mpact the information obtained. The first method that was eval-
ated involved setting the helium temperature to different static
emperatures, and then inserting the paper into the helium stream.
pectrometry 301 (2011) 109–126

This method was not useful, however, because it resulted in irre-
producible flash vaporization of different substances depending on
temperature. In contrast, the most thorough and repeatable analy-
ses were obtained by ramping the temperature of the helium from
ambient to a high temperature during data acquisition to obtain the
temperature-dependent spectra of all the substances evolved. This
is demonstrated in Fig. 1 for the analysis of a high-cellulose paper
that contains late 20th-century alkyl ketene dimer (AKD) internal
sizing. The total ion chromatogram (TIC) (Fig. 1a) shows that: (1)
from time 0.6 to 1.3 min, a piece of organic-free aluminum was
inserted into the helium stream to provide a “blank” spectrum of
all species in the laboratory air that appear to arise from the tur-
bulence of the gas as a result of simply inserting an object into
the gas stream; (2) at time 1.8–2.6 min, a sample was positioned
in the helium stream to reduce the intensity counts to ∼25% of
the air background; and (3) from time 2.6 to 7.2 min, the temper-
ature of the helium was software-ramped from 20 to 500 ◦C. The
scales in Fig. 1a show the relationship between ramp time and the
actual (as opposed to software) temperature of the helium striking
the sample up to approximately 350 ◦C. By the end of the analysis
(when the software temperature reading reached 450 ◦C), charring
was evident and the size of the 6.4-mm diameter sample had been
reduced by ∼200 �m.

The background-subtracted spectra in Fig. 1b–e show how dif-
ferent substances, which will be discussed in Sections 3.2–3.3, are
detected at different temperatures. As the helium temperature
rises to ∼150 to 250 ◦C (Fig. 1b), intact polar organic compounds
(∼200 to 600 u) from sizing, extractives, and/or other semi- to non-
volatile organic substances are evolved. At temperatures of ∼250
to 350 ◦C (Fig. 1c), low-mass thermolysis products (∼40 to 200 u)
from cellulose are clearly seen. At temperatures >350 ◦C (Fig. 1d),
the low-mass cellulose-derived ions dominate. Although each tem-
perature range provides different detailed information about the
paper constituents, a composite “fingerprint” of both the paper sub-
strate and other substances present can be obtained by software
averaging all spectra across all temperatures (Fig. 1e). These “tem-
perature averaged” mass spectra, which contain all the chemical
information, are used for the DART mass spectral library.

3.2. Whatman #1 (cotton) and bleached kraft papers

The temperature-averaged spectrum shown in Fig. 1e of a high-
cellulose kraft wood pulp paper that contains a modern sizing
can be compared to spectra of cotton and other types of high-
cellulose wood-pulp papers (Fig. 2). The background-subtracted,
temperature-averaged spectrum of Whatman #1 filter paper (100%
cotton cellulose) is shown in Fig. 2a. The low-mass series of peaks
arises from the thermal decomposition of cellulose that primarily
occurs at >250 ◦C. The thermolysis products are volatiles that arise
from dehydration and thermolytic chain scission reactions [41].
Many products are of the same elemental formulae reported from
Py-MS of cellulose, carbohydrates, and Whatman paper (Table 3)
[20,41,42]. There are some, however, that have not been previ-
ously reported, and their structures are suggested here with basis
in structure and formula searches of the NIST05 NIST/EPA/NIH Mass
Spectral Library [43] and on-line chemical search engines (primarily
ChemSpider [44] and ChemExper [45]). There are also products not
observed in the DART-MS spectra that are seen in Py-MS spectra.

The structures in Table 3 and the differences between DART-MS
and Py-MS spectra provide insight into the types of structures that
seem to be preferentially detected by DART-MS. In particular, all the

products shown in Table 3, and their structural isomers, are highly
oxidized and highly stable, in many cases because of charge delo-
calization. Most noticeably, saturated products that contain alcohol
functionalities that are observed in Py-MS spectra [20,41,42] are
neither observed nor suggested here as structures because proto-
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Fig. 1. Data for a high-cellulose 50/50 bleached softwood/hardwood kraft paper that
contains alkyl ketene dimer (AKD) internal sizing (ASTM-ISR paper #15): (a) total ion
chromatogram (TIC) with temperature scale that shows the actual temperature of
the helium striking the sample; (b) mass spectrum of compounds evolving at ∼150
to 250 ◦C; (c) mass spectrum of compounds evolving at ∼250 to 350 ◦C; (d) mass
spectrum of compounds evolving at >350 ◦C; and (e) mass spectrum from software
averaging the spectra acquired across all temperatures.

Fig. 2. Spectra (after subtracting the blank and software averaging across all tem-

peratures) of high-cellulose papers made from: (a) 100% cotton (Whatman #1);
(b) 100% bleached northern softwood kraft (BNSWK) pulp (ASTM-ISR paper #2);
(c) 100% BNSWK pulp with alum-rosin sizing (ASTM-ISR paper #1); and (d) 50%
BNSWK/50% BNHWK pulp (ASTM-ISR paper #12).

nation of saturated alcohols in the DART ionization process would
result in loss of water, generating in many cases unstable carboca-
tions in analogy to classic proton-transfer chemical ionization.

The structures represented by ions with m/z values 43–117

suggest that ions with m/z values 127–145 may also be similarly
oxidized. In particular, ions with m/z 127 and m/z 145 can have
different isomeric structures including the (M + H)+ ions of lev-
oglusenone (m/z 127) and 1,4:3,6-dianhydro-�-d-glucopyranose
(m/z 145) [19,41]. However, more oxidized structures are also fea-
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Table 3
Ions derived from the high-temperature thermolysis of cellulose that are present in positive ion DART-MS spectra of paper.

m/z (theoretical) Formula Suggested ion structure Suggested protonated molecule or fragmenta

43.018 C2H3O+ Acylium ionb

Keteneb

53.039 C4H5
+ 1,3-Butadiene cationb

57.034 C3H5O+ 2-Propenal

69.034 C4H5O+ Furan

71.050 C4H7O+ 2,3-Dihydrofuran

81.034 C5H5O+ Cyclopenta-2,4-dien-1-oneb

85.029 C4H5O2
+ 2-Furanone

97.029 C5H5O2
+ 2-Furaldehyde [fufural]

99.045 C5H7O2
+ 5-Methyl-2-furanone

109.029 C6H5O2
+ 1,2-Benzoquinoneb
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Table 3 (Continued )

m/z (theoretical) Formula Suggested ion structure Suggested protonated molecule or fragmenta

111.045 C6H7O2
+ 2-Acetylfuran

113.024 C5H5O3
+ 2H-pyran-2,6(3H)-dione

115.040 C5H7O3
+ 4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one

117.055 C5H9O3
+ 1-Acetoxy-2-propanone

127.040 C6H7O3
+ 6,8-Dioxabicyclo[3.2.1]oct-2-en-4-one [levoglusenone]

3-Hydroxy-2-methyl-(4H)-pyran-4-one
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Table 3 (Continued )

m/z (theoretical) Formula Suggested ion structure Suggested protonated molecule or fragmenta

2-Furoic acid methyl ester

143.034 C6H7O4
+ 3,5-Dihydroxy-2-methyl-pyran-4-one

145.050 C6H9O4
+ 1,4:3,6-Dianhydro-�-d-glucopyranose

2,4-Dihydroxy-2,5-dimethyl-furan-3-oneb

a Structures suggested from data in ref. 20, 41, and 42 except as noted. Although ions with m/z 113 could be (M + H)+ ions of 2-furoic acid, this possibility was eliminated
b − other
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ecause its (M − H) anions were not detected by using negative ion DART-MS. An
ossibility was eliminated because the protonated hydroxyl group would have bee
b Structures suggested here.

ible and previously reported for these two products that may be
he species detected by DART-MS (Table 3).

The mass spectrum of a bleached softwood kraft paper (ASTM-
SR paper #2) is virtually identical to the spectrum of Whatman
lter paper in terms of products present (Fig. 2b). The high level of
urity of this paper as revealed by the spectrum is in accord with
ata in Table 2 that show that this pulp contains a high level of
ellulose and minimal extractives or lignin.

When alum-rosin sizing is added to the bleached softwood
raft paper (ASTM-ISR paper #1), the mass spectrum immediately
eveals the presence of the rosin (Fig. 2c). The resin acid protonated
olecules, which begin to appear at ∼150 ◦C and reveal the pres-
nce of the rosin sizing, are (C20H28O2 + H)+ from dehydroabietic
cid with m/z 301.217 (C20H30O2 + H)+ from primarily abietic acid
ith m/z 303.232, and (C20H26O3 + H)+ from 7-oxodehydroabietic

cid with m/z 315.196 [35]. The vapor pressures (VPs at 298 K) of the
osin acids are estimated to be ∼10−6 to 10−7 Pa [44], so these types
possible structure for ions with m/z 115 would be a methylhydroxy furanone. This
as H2O in analogy to proton-transfer chemical ionization (see discussion in text).

of relatively nonvolatile polar organic compounds may be observed
directly by using DART-MS at lower temperatures without the need
for derivatization and gas chromatography.

When bleached hardwood kraft pulp is mixed with the bleached
softwood kraft pulp, the spectrum of the resultant paper reveals
the appearance of two new higher mass ions with m/z 423 and
m/z 441 that primarily begin to appear at ∼250 ◦C (Fig. 2d). Peaks
representing these ions also appear in spectra in Fig. 1 of the 50/50
bleached softwood/hardwood kraft paper that contains AKD sizing.
Hardwoods such as Populus sp. (aspen) contain higher concentra-
tions of steryl ester extractives than softwoods; oxidized sterols
and triterpene alcohol products are formed during kraft pulping

and bleaching of aspen [35,37]; and data in Table 2 indicate the
presence of residual extractives in papers made from the bleached
hardwood kraft pulp. These data suggest that these two ions arise
from oxidation and/or dehydration of �-sitosterol and �-amyrin,
respectively, perhaps as proposed in Scheme 1. �-Sitosterol could
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cheme 1. Suggested origins of ions with m/z 423 (Eq. (1)) and m/z 441 (Eq. (2)) i
pectra in Figs. 1 and 2d.

e oxidized during kraft pulping and bleaching to give an oxo struc-
ure, which would then lose water either before or after protonation
y the DART ionization process to give the ion with m/z 423 (Eq. (1),
cheme 1). �-Amyrin could be oxidized during kraft pulping and
leaching to give another oxo structure, which would then be pro-
onated by the DART ionization process to produce the ion with
/z 441 (Eq. (2), Scheme 1). The VPs of �-sitosterol and �-amyrin

re estimated to be ∼10−9 Pa [44], so DART-MS can detect some
ighly involatile polar organic compounds at higher temperatures
ithout thermal fragmentation.

Another notable difference between spectra of softwood and
ardwood kraft papers in Fig. 2 is the different intensities of the
eak representing ions with m/z 115, (C5H6O3 + H)+. This ion is a
hermolysis marker for the hemicellulose xylan, which is signifi-
antly more predominant in hardwoods than softwoods [46,47].
his peak is of low relative abundance in the spectrum of What-
an #1 (Fig. 2a), is ∼70% to 80% abundant in the spectrum of the

oftwood kraft paper (Fig. 2b and c), but is the most abundant peak,
articularly in relation to the other carbohydrate-derived peaks,

n the spectrum of the hardwood kraft paper (Fig. 2d). These data
how that the bleached hardwood kraft paper may be differenti-
ted from the bleached softwood kraft paper by the presence of
ons from residual hardwood extractives and xylan.

A comparison of the spectrum in Fig. 1e to the spectrum in
ig. 2d shows how the presence of the modern alkyl ketene dimer
AKD) sizing agent is revealed. The starting material for the AKD
as a 60/40 mixture of palmitic and stearic acids that were con-

erted into acid chlorides, which then underwent intermolecular
actone ring condensations to give the final alkyl ketene dimers. The
eak in Fig. 1e that represents ions with m/z 257 arises from resid-
al palmitic acid [C16H32O2 + H]+. The three intense higher mass
eaks in Fig. 1e are from protonation of the ketones formed by
ydrolysis of AKD: hentriacontan-16-one (C31H62O + H)+ with m/z

51.488, tritriacontan-16-one (C33H66O + H)+ with m/z 479.519,
nd pentatriacontan-18-one (C35H70O + H)+ with m/z 507.550 [16].
ll these intact molecules begin to be evolved at ∼150 ◦C even

hough the estimated VP of pentatriacontan-18-one (∼10−9 Pa)
s six orders of magnitude smaller than the VP of palmitic acid
tra of bleached hardwood kraft papers (ASTM-ISR papers #11, #12, and #15). See

(∼10−3 Pa) [44]. These data indicate that the temperatures at which
intact molecules are vaporized from paper by using DART ionization
are related to other factors and not simply their VPs.

3.3. Mechanical pulp papers

Spectra of the relatively pure papers discussed above primarily
reveal products from the volatilization of sizings and two residual
hardwood phytosteroids, plus products from the higher temper-
ature thermolysis of cellulose and xylan. In contrast, spectra of
mechanical pulp papers are significantly more complex and reveal
products from lignin and phytochemicals not observed from the
high-cellulose papers (Fig. 3 and Table 4).

3.3.1. Hardwood bleached chemithermomechanical pulp
(HW-BCTMP)

Mixing a hardwood (aspen) BCTMP with the softwood kraft pulp
results in paper whose spectra shows products from lignin-related
structures (Fig. 3a; column five of Table 4). The spectra are some-
what visually similar to spectra of aspen wood and lignin obtained
by using Py-molecular-beam sampling MS [48]; spectra of beech
wood obtained by using temperature-programmed Py-field ion-
ization MS [49]; spectra of cottonwood lignin obtained by using
temperature-programmed in-source Py-MS [50]; and spectra of
Aesculus turbinata lignin obtained by using in-source Py-MS [51].
However, upon close inspection, there are more differences than
similarities between the DART-MS spectra and those obtained by
using Py-MS. The two lowest mass resonance stabilized monomeric
benzofuran products in the DART-MS spectra (m/z 131 and m/z 161)
have no apparent analogs in Py-MS spectra: Benzofurans can be
formed from oxidation of phenylcoumaran lignin structures [52].
Peaks that represent molecular ions of coniferyl and sinapyl alco-
hols (m/z 180 and m/z 210, respectively) are seen in Py-MS spectra,

but DART-MS spectra instead reveal peaks from the resonance sta-
bilized allylic carbenium ions (m/z 163 and m/z 193, respectively)
that arise by loss of water from the (M + H)+ ions of the two alco-
hols [50]. The oxidized forms of the alcohols, coniferaldehyde and
sinapaldehyde, respectively, are seen in abundance by DART-MS
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Table 4
Non-carbohydrate ions present in DART-MS spectra of papers that contain hardwood bleached chemithermomechanical pulp (HW-BCTMP) (ASTM-ISR papers #9, #10, #13,
and #14), 100% softwood bleached chemithermomechanical pulp (SW-BCTMP) (ASTM-ISR papers #3 and #4), and stone groundwood (SGW) pulp (ASTM-ISR papers #7 and
#8). See Fig. 3 for spectra.

m/z (theoretical) Formula Suggested ion structure or fragmenta Suggested protonated
moleculea

HW-BCTMP
(%)c

SW-BCTMP
(%)c

SGW (%)c

Lignin-derived ions

131.050 C9H7O+ 3-Methyl-benzofuranb 61 97 100

161.060 C10H9O2
+ 7-Methoxy-3-methyl-

benzofuranb
81 31 17

163.076 C10H11O2
+ 2-Methoxy-4-[prop-1-enyl]

phenol
39 75 52

179.071 C10H11O3
+ Coniferaldehydeb 52 100 77

193.086 C11H13O3
+ 2,6-Dimethoxy-4-[prop-1-

enyl]
phenol

67 30 12

209.081 C11H13O4
+ Sinapaldehydeb 100 28 –

273.113 C16H17O4
+ 4,4′-Dihydroxy-3,3′-

dimethoxystilbene (G-G
dimer)

13 39 33

285.113 C17H17O4
+ G-G phenylcoumarone

dimerb
– 18 –
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Table 4 (Continued )

m/z (theoretical) Formula Suggested ion structure or fragmenta Suggested protonated
moleculea

HW-BCTMP
(%)c

SW-BCTMP
(%)c

SGW (%)c

301.144 C18H21O4
+ G-G phenylcoumaran dimer – 29 –

303.123 C17H19O5
+ 4,4′-Dihydroxy-3,3’,5-

trimethoxystilbene (G-S
dimer)

14 – –

327.123 C19H19O5
+ 3′-Demethoxy-7-

dehydropinoresinolb (C-G
dimer)

– 38 33

333.134 C18H21O6
+ 4,4′-Dihydroxy-3,3′ ,5,5′-

tetramethoxystilbene (S-S
dimer)

20 – –

339.123 C20H19O5
+ G-G phenylcoumarone

dimerb
– 21 18

357.134 C20H21O6
+ 7-Dehydropinoresinolb (G-G

dimer)
19 12 13
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Table 4 (Continued )

m/z (theoretical) Formula Suggested ion structure or fragmenta Suggested protonated
moleculea

HW-BCTMP
(%)c

SW-BCTMP
(%)c

SGW (%)c

387.144 C21H23O7
+ 7-Dehydromedioresinolb

(G-S dimer)
20 – –

401.160 C22H25O7
+ 5,5′-Dimethoxy-8,8′-

didehydro-3,4-
divanillyltetrahydrofuranb

(S-S dimer)

21 – –

417.155 C22H25O8
+ 7-Dehydrosyringaresinolb

(S-S dimer)
9 – –

Extractives

227.107 C15H15O2
+ Pinosylvin methyl etherb – – 30

241.123 C16H17O2
+ Pinosylvin dimethyl etherb – – 27

257.248 C16H33O2
+ Hexadecanoic acid – – 52
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Table 4 (Continued )

m/z (theoretical) Formula Suggested ion structure or fragmenta Suggested protonated
moleculea

HW-BCTMP
(%)c

SW-BCTMP
(%)c

SGW (%)c

301.217 C20H29O2
+ Dehydroabietic acid – – 60

303.232 C20H31O2
+ Abietic acid (primary isomer) – – 66

315.196 C20H27O3
+ 7-Oxodehy droabietic acid – – 37

397.383 C29H49
+ Stigmastan-3,5-diene – – 10

411.363 C29H47O+ Stigmasta-3,5-diene-7-one – – 17
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Table 4 (Continued )

m/z (theoretical) Formula Suggested ion structure or fragmenta Suggested protonated
moleculea

HW-BCTMP
(%)c

SW-BCTMP
(%)c

SGW (%)c

413.378 C29H49O+ Stigmast-4-en-3-one
(sitostenone)

– – 5

429.373 C29H49O2
+ Stigmastane-3,6-dione – – 9

lpropa
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a Structures suggested from data in Refs. [48–55] except as noted. Lignin pheny
syringyl).

b Structures suggested here.
c Percent relative ion abundances are ±15% (RSE).

m/z 179 and m/z 209, respectively) but not observed by Py-MS.
he estimated VPs of coniferaldehyde (∼10−3 Pa) and sinapalde-
yde (∼10−4 Pa) [44] suggest that they should have been observed

n the 150–250 ◦C temperature range, but all the monomeric lignin
pecies (m/z 131–209) were instead primarily evolved at tem-
eratures >250 ◦C. This suggests that they were not formed from
olatilization by DART-MS but instead from thermolysis of lignin.

Some dimeric lignin structures are the same either by DART-MS
r Py-MS, and others are different. The protonated stilbene struc-
ures seen by using DART-MS (m/z values 273, 303.1, and 333) have
xact molecular ion counterparts by Py-MS. The stilbene analog
hat contains two guaiacyl groups (G-G analog) with an estimated
P ∼10−6 [44] appears at ∼150 ◦C, the analog that contains a gua-

acyl and syringyl group (G-S analog) appears at ∼250 ◦C, and the
-S analog appears at ∼350 ◦C. These data suggest that the stil-
enes may be volatilized as intact molecules, not primarily derived
rom thermolysis of the lignin. Confirmation of this would require
xtraction and analysis of both the paper extract and the extracted
aper.

A series of three protonated ions with m/z values of 357, 387,
nd 417 are observed by using DART-MS that are oxidized ver-
ions of three molecular ions with m/z values 358, 388, and 418,
espectively, that are instead observed by using Py-MS. These
pecies are evolved primarily at >350 ◦C. Reasonable structures for
ach of the ions, with basis in previous hypotheses [49], are 7-
ehydropinoresinol (m/z 357), 7-dehydromedioresinol (m/z 387),
nd 7-dehydrosyringaresinol (m/z 417), respectively (Table 4).
esinol-type lignin structures are very stable and expected to be
bserved from thermolysis of lignin at temperatures of ∼325 to
00 ◦C [49].
There is one more ion of relevance with m/z 401. Its molecu-
ar ion counterpart with m/z 400 may be seen clearly in in-source
y-MS spectra obtained from wood of Calluna vulgaris and Aesculus
urbinata [51,53] and from an organosolv lignin [54]. The structure
uggested in Table 4 for this ion is that of an oxidized dimethoxy
noid unit designations are: C (p-hydroxyphenyl or coumaryl), G (guaiacyl), and S

analog of 3,4-divanillyltetrahydrofuran (shonanin), which is a nat-
ural lignan whose syringyl analogs have been found in emissions
from the combustion of both hardwoods and softwoods [55]. Its
evolution at a temperature of∼250 ◦C may indicate that it is evolved
as an intact molecule, not from thermolysis of lignin.

3.3.2. Softwood bleached chemithermomechanical pulp
(SW-BCTMP)

The DART-MS spectra of softwood BCTMP papers (Fig. 3b) have
features that distinguish them from hardwood BCTMP papers.
Although the monomeric ions with m/z values of 131–209 arise
from both types of paper, they are found in different relative abun-
dances (compare columns five and six of Table 4). The relative
abundances reflect the coumaryl (C) vs. G vs. S content of the lignin
in which G-lignin is most abundant in softwood and S-lignin is most
abundant in hardwood. Products from S-lignin units (m/z values
161, 193, and 209) dominate the spectrum of the hardwood paper
(Fig. 3a) but products from G-lignin units (m/z values 131, 163, and
179) dominate the spectrum of the softwood paper.

Relative abundances of some of the dimer products also distin-
guish the papers. The only member of the stilbene series of ions
that is detected from the softwood papers is the G-G dimer with
m/z 273: the higher-mass dimers from the hardwood papers con-
tain S-units. The only member of the resinol series of ions that is
detected from the softwood papers is the G-G dimer with m/z 357:
the higher-mass dimers from the hardwood papers contain S-units.
The dimethoxy analog of 3,4-divanillyltetrahydrofuran (m/z 401) is
not detected from the softwood papers because it is a S-S dimer.

There is one more feature in spectra of the softwood papers
that differentiate them from the hardwood papers: the occur-

rence of four lignin product ions that are unique to the softwood
papers. These include three G-G dimer products (with m/z 285,
301.1, and 339) that, with basis in previous hypotheses [49], are
suggested to be phenylcoumarones (m/z 285 and m/z 339) and a
phenylcoumaran (m/z 301.1) from lignin �-5 linkages abundant
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3.5. Repeatability and sensitivity

DART-MS spectra need to be reproducible and repeatable for use
in paper and other research. The 100% cotton paper that contains
ig. 3. Spectra of papers made from mechanical pulps: (a) 50% BNSWK/50%
ardwood bleached chemithermomechanical pulp (HW-BCTMP) (ASTM-ISR paper
13); (b) 100% softwood BCTMP (SW-BCTMP) (ASTM-ISR paper #4); and (c) 20%
NSWK/80% stone groundwood (SGW) pulp (ASTM-ISR paper #8).

n softwood, and a demethoxy coumaryl-containing (C-G) dimer
nalog of the resinol series of ions (m/z 327).

As for hardwood papers, DART-MS spectra of softwood BCTMP
apers also reveal lignin units that are more highly oxidized. How-
ver, Py-GC–MS spectra of Picea wood, thermomechanical pulp
TMP) made from the wood, and paper made from the TMP reveal
o changes in the oxidation states of the products because of either
he pulping or papermaking process [25]. Further, Py-GC–MS spec-
ra of Picea wood and chemithermomechanical pulp (CTMP) made
rom the wood show a decrease in some of the more oxidized
roducts after the CTMP process (less coniferaldehyde and more
rans-coniferyl alcohol) [46]. Other studies show that hydrogen per-
xide bleaching has little impact on the overall structure of TMP
ignin other than to primarily eliminate coniferaldehyde end groups
39]. Hydrogen peroxide bleaching is also expected to remove con-
ugated double bonds, not generate them [46]. These data suggest
hat the detection of more highly oxidized (unsaturated) species
y DART-MS is not a result of the pulping/bleaching process but is

elated to the DART ionization process itself.

.3.3. Stone groundwood (SGW) pulp
Spectra of stone groundwood (SGW) pulp papers (Fig. 3c), which

re made from unprocessed softwood chips, show some of the
pectrometry 301 (2011) 109–126 123

same G-lignin (primarily from thermolysis) products as in spectra
of papers made from softwood BCTMP but in different abundances.
The monomeric G-lignin ions with m/z values of 131, 163, and
179 are present in high abundance, but S-lignin products with
m/z values of 161, 193, and 209 are either significantly reduced
or not detected (see column seven in Table 4). The only lignin
dimers that are detected are the G-G stilbene product (m/z 273),
the demethoxydehydropinoresinol C-G dimer (m/z 327), the G-G
phenylcoumarone dimer (m/z 339), and the dehydropinoresinol
G-G dimer (m/z 357). It is notable that the phenylcoumarone and
phenylcoumaran G-G dimers seen in papers made from softwood
BCTMP (m/z 285 and m/z 301.1, respectively) are not detected in
spectra of papers made from softwood SGW pulp. This suggests that
these two structures may be formed during the BCTMP process.

The most significant distinguishing feature of spectra of papers
made from SGW pulp, however, is an extensive set of softwood
extractives that are volatilized primarily at ∼150 ◦C (Table 4)
[35–37,55]. The ten extractives include two pinosylvin methyl
ethers (m/z 227 and m/z 241); hexadecanoic acid (m/z 257); three
resin acids (m/z values of 301.2, 303.2, and 315); and four products
derived from �-sitosterol (m/z values of 397, 411, 413, and 429).
The (M + H)+ ions of stigmastan-3,5-diene (m/z 397) most likely
arise from loss of water from the (M + H)+ ions of �-sitosterol in the
DART ionization process because �-sitosterol is a highly abundant
phytosterol found in extractives but not observed in the mass spec-
tra. The three oxo phytosteroids (m/z values of 411, 413, and 429)
are derived from the oxidation of �-sitosterol. Eight of the extrac-
tives are observed at ∼150 ◦C and have estimated VPs that range
from ∼10−3 to 10−8 Pa. The two stigmasta 3,5-dienes (m/z 397 and
m/z 411) are primarily observed at ∼250 ◦C and have estimated VPs
of ∼10−7 [44].

3.4. Pitch extractives as contaminants in 100% cotton papers

Spectra of SGW pulp papers (Fig. 3c) show peaks from phytos-
teroids with m/z values 397, 411, 413, and 429 that also appear
in spectra of currency-type papers made from 100% cotton pulp
(ASTM-ISR papers #5 and #6) (Fig. 4). These data indicate that
the cotton pulp was most likely contaminated by pitch. Strongly
lipophilic compounds such as phytosteroids that survive pulping
and/or bleaching processes are present as colloids that may be
accumulated as pitch on papermaking machinery and found in
recirculating water used in paper mills. Pitch colloids are gener-
ally associated with suspended solids and may be deposited in the
final paper product [37].
Fig. 4. Spectrum of paper made from 100% cotton at a paper mill (ASTM-ISR paper
#6).
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range. At lower temperatures, polar organic compounds from rosin,
ig. 5. Spectra from analyses of 100% cotton paper that contains alum-rosin sizing
nd pitch contaminants (ASTM-ISR paper #5) on two separate occasions (a and b).

lum-rosin sizing and phytosteroid pitch contaminants (ASTM-ISR
aper #5) was analyzed on two separate occasions. The resulting
ass spectra (Fig. 5) demonstrate the repeatability of the analy-

is. The distinguishing ions with m/z values of 301, 315, 397, 411,
nd 429 have almost identical relative ion abundances (±15% RSE).
n improvement in sample placement technique is expected to

mprove the repeatability, which is important for effective mass
pectral database searches.

Another issue in reproducibility is the possible impact of
norganic salts on ion formation, particularly on products from ther-

olysis. In Py-MS, the presence, quantity, and identity of inorganic
alts negatively impact pyrolytic behavior and spectral repro-
ucibility [17]. This contrasts with results here in which papers that
re made from the same pulp but differ in their inorganic compo-
ents (Table 1) give virtually identical DART mass spectra that only
iffer if an organic component differs.

DART-MS needs to be sensitive for use in obtaining spectra from
icrosamples. A spectrum obtained by using a 6.4-mm diameter

ample of the bleached kraft paper that contains AKD sizing (ASTM-
SR paper #15) can be compared to a spectrum of the same paper
btained by using an ∼10 �g fiber bundle tweezed from the surface
f the paper (Fig. 6): the fiber bundle is approximately the size of
he period at the end of this sentence. All the peaks needed to iden-
ify the paper are present in both temperature-averaged spectra.
owever, the �g-size sample (Fig. 6b) gives rise to lesser relative
bundances of the higher mass products that arise from volatiliza-
ion of the AKD ketones (m/z values 451–507) in comparison to
he lower mass products that arise from thermolysis (m/z values
3–145).

A reasonable explanation for the higher abundances of the AKD
etones from the larger sample is that in the larger sample, more
etones are volatilized from a larger surface area of the paper as
ompared to the total surface area of the �g-size sample, which is

otally charred in the analysis. This can be seen in the photographs
n Fig. 6, in which the surface area that is primarily sampled by the
elium stream for the larger sample (indicated by the highly dark-
ned surface of the paper in Fig. 6a) is at least five times greater than
Fig. 6. Spectra of 50% BNSWK/50%BNHWK paper that has AKD sizing (ASTM-ISR
paper #15) obtained by using: (a) a 6.4-mm diameter piece of paper; and (b) an ∼10-
�g fiber bundle tweezed from the surface. The 10-�g fiber bundle is approximately
the size of the period at the end of this sentence.

the surface area sampled for the �g-size sample. This could lead
to reduced relative abundances of volatilizable components of the
paper as opposed to components that arise by thermal degradation
of the entire lignocellulose matrix that is contained in a microsam-
ple. This is an example, however, of the utility of experiments that
incorporate temperature ramping: the spectrum generated from
the microsample at ∼150 to 250 ◦C during the ramp is dominated
by the products from AKD and is virtually identical to the spectrum
shown in Fig. 1b.

3.6. Negative ion DART-MS of reference papers

Negative ion DART-MS spectra of the reference papers are sig-
nificantly less informative than their positive ion counterparts.
Virtually no cellulose ions are observed except for formate, acetate,
and a few weakly abundant furan carboxylates that are not detected
in the positive ion spectra. Spectra of alum-rosin sized, high-
cellulose papers reveal virtually only resin acid anions. Spectra of
high-lignin papers primarily show phenolates from coniferalde-
hyde and the lignin-derived methoxystilbenes. The only extractives
that are observed from the SGW papers are the resin acid anions,
which make these papers virtually indistinguishable from alum-
rosin sized high-cellulose papers.

4. Conclusions

Data presented here show that a series of printing and writ-
ing papers can be characterized and differentiated by acquiring
their positive ion DART mass spectra across a large temperature
AKD sizing, phytosteroids, and other extractives are volatilized
and detected. Higher temperatures primarily result in thermoly-
sis of the lignocellulose matrix that gives rise to cellulose and xylan
marker ions, and syringyl (hardwood) and guaiacyl and coumaryl
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softwood) lignin units. Microsamples at least as small as ∼10 �g
ay be characterized, which means that the method may be used

o analyze small paper fragments or fiber bundles sampled from
ome library and archival collections.

Positive ion DART-MS spectra of lignin-containing papers are
losest in similarity to spectra of wood and lignin obtained using in-
ource and similar direct Py-MS methods. However, ions produced
y using positive ion DART-MS are primarily either protonated
olecules, resonance-stabilized carbocations that arise from loss of
ater from protonated alcohols or sterols, or more highly oxidized

unsaturated) species than observed by using Py-MS methods. The
ART ionization process may be more efficient and selective at
etecting more highly oxidized (particularly conjugated) species
resent in the papers because they would have higher proton
ffinities and form more stable (M + H)+ ions. Inorganic salts have
o apparent impact on ion formation by DART-MS in contrast
o Py-MS. Negative ion DART-MS spectra primarily reveal a few
arboxylates and phenolates, which is not enough information to
istinguish the papers.

Data presented here have implications beyond the science
hose purpose is to preserve library and archival paper collections.
ART-MS might be a viable alternative to direct temperature-

esolved mass spectrometry (DTMS) in studies of varnishes and
ils in historic paintings [56,57]. It might be useful in the pulp and
aper industry as an alternative to the time-consuming extraction,
erivatization, and chromatographic methods for analyzing organ-

cs in wood, pulp, and pulping/bleach liquors, and for monitoring
itch deposits on machinery, in pulp, and in paper mill effluents
58].

The use of positive ion DART-MS to characterize Whatman #1
nd the 15 ASTM-ISR reference papers is a prelude to other appli-
ations in paper research. Although DART-MS has been used in the
orensic community to analyze modern writing inks [22], it has
et to be applied to the analysis of writing inks simultaneously
ith analysis of the paper matrix. Other research using Py-GC–MS

uggests that there may be marker compounds specific for post-
onsumer recycled paper that may be directly determinable by
ART-MS [16]. The spectra of the 16 reference papers analyzed
ere are benchmarks for the further use of the papers in paper-
ging research and in analyzing naturally aged historic papers.
n addition, the temperature-averaged spectra are the beginning
f the development of a searchable library of DART-MS spectra
f printing and writing papers by the Library of Congress that
ould be of use to researchers in the preservation, pulp, and paper,
orensic, and scientific communities at large. These benchmark
pectra are the prelude to expanded applications of DART-MS in
reservation, forensic, pulp and paper, and other research disci-
lines.
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