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A B S T R A C T

Biomass burning is a serious problem in the environment and climate system. However, the source identification
of biomass-burning aerosols was somewhat impeded, partly due to the difficulty in quantification of relevant
molecular markers. In this study, we present reference values for five aromatic acids (including p-hydro-
xybenzoic, vanillic, dehydroabietic, syringic and p-coumaric acids) in the NIST Standard Reference Material
(SRM) 1649b. The concentration of levoglucosan was also revisited. Notable positive matrix effect was found for
vanillic, dehydroabietic, syringic and coumaric acid. Using the standard addition method, the average value of p-
hydroxybenzoic, vanillic, syringic, dehydroabietic and p-coumaric acids in SRM 1649b were found to be 26.9,
9.53, 1.13, 7.60 and 1.66 μg g−1, respectively. The analytical method developed in this study was also applied to
the PM10 samples from Beijing and PM2.5 samples from South Asia (Godavari, Nepal). The ratios of vanillic to p-
hydroxybenzoic acid and syringic to vanillic acid further suggested that their biomass-burning types are mainly
related to hard wood and herbaceous species (i.e., agricultural residues).

1. Introduction

Biomass burning is occurring worldwide in different forms (Cheng
et al., 2013; Zhang et al., 2010; Zhang and Cao, 2015; Duncan et al.,
2003), e.g., forest clearing and burning in the Amazon area and tropic
Asia, savanna in Africa, biofuel combustion, agricultural and forest
fires. It can cause serious air quality problems and threatens human
health due to the huge emission of toxic materials like polycyclic aro-
matic hydrocarbons and mercury (Wan et al., 2017; Zhang and Tao,
2009). Biomass burning also plays an important role in the climate
change. Besides the greenhouse gases like carbon dioxide, the black
carbon and brown carbon emitted from biomass burning can strongly
absorb solar radiation (Lack et al., 2012). Furthermore, the biomass
burning aerosols tend to undergo long-range transport and can disperse
into remote areas such as the Arctic, Antarctica and Himalayas (Ding
et al., 2013; Cong et al., 2015; Zangrando et al., 2013; Grieman et al.,
2017). After deposition, such particles can darken the snow and ice

surface dramatically, resulting in ice sheet/glacier melting (Wu et al.,
2016; Qian et al., 2015).

It is a big challenge to identify the sources of biomass-burning
aerosols and assess their environmental/climate impacts (Kawamura
et al., 2012; Fu et al., 2013). Water-soluble potassium (K+) has been
traditionally used as a tracer for biomass burning. However, it can be
misinterpreted because it can also originate from crustal materials ra-
ther than biomass burning solely. In recent years, levoglucosan has
been used as a molecular marker of biomass burning activities
(Simoneit et al., 1999; Stone et al., 2010). In addition to levoglucosan,
several similar aromatic acids (including p-hydroxybenzoic, vanillic,
dehydroabietic, syringic and p-coumaric acids) have been associated
with biomass burnings (Simoneit, 2002; Zangrando et al., 2013;
Grieman et al., 2017). While levoglucosan is derived from the cellulose
pyrolysis, aromatic acids mentioned above are mainly formed by the
combustion of lignin and thus their ratios have potential to be diag-
nostic for what type of vegetation combusted (Fujii et al., 2015b;
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Zangrando et al., 2016), providing more essential information com-
pared to levoglucosan alone.

For the determination and quantification of these molecular mar-
kers, GC-MS was most commonly used (Louchouarn et al., 2010).
However, certified values for these biomass-burning markers in stan-
dard reference materials are rare. Levoglucosan concentrations have
been reported for Standard Reference Material (SRM) 1649, 1649a, and
1649b from National Institute of Standards and Technology (NIST)
(Louchouarn et al., 2009; Pomata et al., 2014; Kuo et al., 2008; Larsen
et al., 2006). To our best knowledge, there are no such values for the
biomass-burning derived acids available yet.

In this study, a variety of extraction solvents, analytical methods
and GC/MS operating conditions were tested and optimized. The main
purpose of this work was to provide a reliable characterization method
and accurate values of biomass-burning derived aromatic acids in NIST
SRM 1649b. It is also expected to stimulate their further applications by
the research communities, thereafter improving our knowledge on the
sources of biomass burnings in different areas.

2. Experimental

2.1. Chemical and materials

HPLC grade ethanol and dichloromethane were obtained from J.T. Baker,
and methanol was purchased from Fisher Scientific. p-Hydroxybenzoic (CAS:
99-96-7), vanillic (CAS: 121-34-6) and dehydroabietic acids (CAS: 1740-19-8)
were provided by Accustandard Inc. p-Coumaric acid (CAS: 7400-08-0) was
provided by ChromaDex. Syringic acid (CAS: 530-57-4), the internal stan-
dards, i.e., methyl β-d-xylopyranoside (MXP, CAS: 612-05-5) and p-hydro-
xybenzoic acid (13C6), were all obtained from Sigma-Aldrich. The derivati-
zation reagent, N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA)
containing 1% trimethylchlorosilane (TMCS) was obtained from Fluka. The
water (>18.2MΩ) used here was obtained directly from a Millipore ultra-
pure system (Milli-Q Integral 3). For purification, the Sep-Pak silica cartridge
(SPE, 500mg) was purchased from Waters.

SRM 1649b (for urban dust) provided by U.S. National Institute of
Standards and Technology (NIST), was initially prepared for the eva-
luation of analytical methods pertaining to the determination of se-
lected polycyclic aromatic hydrocarbons (PAHs), nitro-substituted
PAHs (nitro-PAHs), polychlorinated biphenyl (PCB) congeners, etc. in
atmospheric particulate material and similar matrices (NIST, 2009).
SRM 1649 was collected in the Washington, D.C. area in 1976–1977
over a long period of one year. This material was issued in 1982 as SRM
1649 and re-certified in 1999 as SRM 1649a. While SRM 1649b was
prepared from the same bulk material as SRM 1649 and SRM 1649a, it
had been sieved to a smaller particle size (< 63 μm).

2.2. Sample preparation and derivatization

The extraction of analytes was carried out by accelerated solvent
extractor (ASE 350, Thermo Dionex), operating at high pressure (1500
psi) and temperature (100 °C) with two static cycles (5min).

Extraction tests were conducted on both blank filters spiked with
multi-standard solution and particulate NIST standard 1649b. The
performance of three commonly used extraction solvents were eval-
uated, i.e., a mixture of dichloromethane and methanol (DCM:
MeOH=2:1, v/v), methanol (100%) and ethanol (100%). For the
blank filter spiked with authentic standards, these three solvents pro-
duced similar results, with the extraction efficiencies all higher than
90%. For SRM 1649b, the extracts utilizing the extraction mixture of
dichloromethane and methanol had more interference in the chroma-
togram, attributed to the accentuation of matrix dissolved by di-
chloromethane. During the purification procedure, it was further found
that the analytes in methanol could not be efficiently separated. Pure
ethanol (100%) was found to have the least matrix effects and best
separation characteristics and was chosen as extraction solvent.

The ethanol extracts were concentrated under a nitrogen stream to
about 5mL. A SPE column was first conditioned with 3mL methanol
and then 3mL ethanol. HCl (10 μL, 1M) was added to the extracts
before adding to the column and then washed with 3mL ethanol. All
these operations were conducted continuously to avoid drying of the
columns, with a flow rate around 1mLmin−1. The non-polar fraction
was immediately passed through the SPE column, while the polar
fraction (including the biomass-burning acids targeted) was retained in
the cartridge. The column was continuously blown with a gentle stream
of pure nitrogen for at least 30min. Then the polar compounds were
eluted with 5mL of methanol containing 2% ammonia to a 10mL glass
bottle. This solution was further reduced to ∼1mL followed by the
addition of internal standards to a 1.5mL vial. Finally, they were blown
to dryness and 50 μL 1:1 MSTFA (with 1% TMCS)/pyridine was added
to the vials and reacted by heating at 70 °C for 2 h in an oven for de-
rivatization.

2.3. GC-MS

The derivatized fraction was further diluted to 1mL with n-hexane
and analyzed using a gas chromatography-mass spectrometry (GC/MS,
Trace GC coupled to Polaris Q Iontrap MSD) fitted with a fused silica
column (DB-5MS, 30m, 0.25mm i.d., 0.25 μm film thickness, Agilent).
The mass spectrometer was operated in the electron impact ionization
mode (EI, 70 eV) with the ion source temperature at 220 °C and GC/MS
interface temperature at 280 °C. The iontrap damping gas was set to
2.0 mLmin−1 to maximize the signal to noise ratio (S/N). Each sample
was injected into a deactivated glass linear inserted into a GC injector,
under PTV (programmable-temperature vaporizer) splitless mode, at an
initial temperature of 100 °C and was rapidly heated up to 250 °C at
10 °C s−1. Helium was used as a carrier gas with a constant flow rate
(1.0 mLmin−1). The GC temperature program was: 50 °C initial tem-
perature for 2min, ramped at 20 °C min−1 to 180 °C, ramped at 6 °C
min−1 to 260 °C and then ramped at 20 °C–300 °C and held for 5min.
The total analysis time was 28min (Fig. 1). Full scan mode was used for
data acquisition by the mass detector with the mass range m/z from 50
to 400. Positive identification of analyte compound was performed both
by GC retention time and abundance ratio of the characteristic ions.
Different ions selected for the quantification of these acids are pre-
sented in Table 1.

3. Validation

3.1. Quantitation method

Seven standard samples with internal standards (p-hydroxybenzoic
acid (13C6) and MXP) were analyzed to establish the standard curve
(Table S1). Calibration solutions were prepared for each target com-
pound depending on their estimated contents in real aerosol samples.
The concentrations of these standard solutions ranged from 10 to
500 μg L−1 for aromatic acids, and from 100 to 2000 μg L−1 for le-
voglucosan.

Matrix effects usually can not be ignored in the determination of
organic compounds in relatively complicated aerosol or dust samples.
Therefore, besides internal standard calibration curves, a standard ad-
dition method was also used to evaluate the potential matrix effects.
Two SRM 1649b samples (10mg and 30mg, separately) were extracted
with ASE. The extracts were then equally divided into seven portions.
Different quantities of standard solutions (0–500 μg L−1 for acids and
0–1000 μg L−1 for levoglucosan) were added to these seven aliquots,
and measured by GC-MS to establish standard addition calibration
curves. The concentrations of target compounds could then be calcu-
lated by the x-intercept of the linear regression curves (Table S2).
Concentrations of each analyte were corrected both by the whole pro-
cedure blank and the recovery.

S. Gao et al. Atmospheric Environment 185 (2018) 180–185

181



3.2. Linearity and limit of detection

Both internal standard calibration curves and standard addition
calibration curves show good linearity (Tables S1 and S2), with the
correlation coefficients (R2) equal to or larger than 0.994. Whole pro-
cedural blanks were carried out after ASE extraction. The detection
limit was calculated as three times the standard deviation of the pro-
cedural blanks (n= 6) (Table 1).

4. Results and discussion

4.1. Matrix effect evaluation

Five biomass-burning aromatic acids, including p-hydroxybenzoic,
vanillic, dehydroabietic, syringic and p-coumaric acids in SRM 1649b
were quantified through extrapolating the standard calibration curves
(Table S1) and standard addition curves (Table S2). As shown in

Fig. 1. Typical GC/MS total ion current (TIC) trace for NIST standard 1649b, and mass spectrum of p-hydroxybenzoic, vanillic, syringic, p-coumaric, and dehy-
droabietic acids after derivatization.
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Table 2, concentrations of target analytes obtained from standard ad-
dition method were lower than those by standard calibration curve
method, pointing a matrix effect.

Matrix effects can either enhance or reduce the signal of a given
analyte, mainly depending on the instrument (like GC injector), the
sample type and amount (Pizzutti et al., 2012). Both positive and ne-
gative matrix effect were considered to obtain accurate quantification
results. In this work, the matrix effects were defined as the slope ratio
between the internal calibration curves and the standard addition ca-
libration curves (Tables S1 and S2). Matrix effects could be ignored for
levoglucosan and p-hydroxybenzoic acid (slope ratio between 0.9 and
1.1). Positive effects were found for other four target analytes (slope
ratio < 0.8). This may be attributed to the presence of interferences,
which improve the gasification efficiency of target compounds in GC
inlet system and enhance the signals of desired ions. In addition, matrix
effect could be further reduced if more isotope internal standards were
used.

4.2. Concentrations of aromatic acids and levoglucosan in SRM 1649b

The analytical results by standard calibration curve and standard
addition (10mg and 30mg) method were presented in Table 2. As
discussed about the matrix effect (Sect. 4.1), values obtained by the
standard addition method were more precise than the calibration curve
method, especially for the low concentration aromatic acids like syr-
ingic and p-coumaric acids. Therefore, only the standard addition
method data is further considered.

All of the target aromatic acids and levoglucosan in 10mg of SRM
1649b were much higher than limit of detection (LOD) and limit of
quantitation (LOQ). The content of levoglucosan was significantly
higher than any aromatic acid determined, even higher than the sum of
aromatic acids. Among the five biomass-burning aromatic acids de-
tected in SRM 1649b, p-hydroxybenzoic acid was the most abundant
species, followed by vanillic and dehydroabietic acids, while the con-
centration of syringic acid was lowest. For the results by standard

addition method (10mg and 30mg), the average values of p-hydro-
xybenzoic, vanillic, syringic, dehydroabietic and p-coumaric acids are
26.9, 9.53, 1.13, 7.60 and 1.66 μg g−1, respectively, with the percen-
tage differences less than 10%.

4.3. The measurement consistency with previous works

There are no reference values of the biomass-burning acids available
for the NIST standard reference materials. However, several research
groups have reported the mass concentrations of levoglucosan in SRM
1649a by GC-MS, making it possible to check the consistency of our
results with previously reported data.

Although the extraction and derivatization method (MSTFA or BSTFA)
were different among the laboratories, our levoglucosan results obtained by
standard addition method (158 ± 11.5 and 165 ± 7.16 μg g−1) (Table 2)
were in good agreement with the previous data for SRM 1649a, such as
162 ± 8 μg g−1 by Larsen et al. (2006), 163 ± 11.8 μg g−1 by Kuo et al.
(2008), 160 ± 4.7 μg g−1 by Louchouarn et al. (2009), 165 ± 1.4 μg g−1

by Orasche et al. (2011) and 160 ± 16.2 μg g−1 by Pomata et al. (2014)
(Fig. 2). Besides SRM 1649a, concentration of levoglucosan in SRM 1649b
that was determined as 160 ± 5.0 μg g−1 by Louchouarn et al. (2009), is
almost equal to that of SRM 1649a.

It should be noted that, a distinct low value of levoglucosan
(81.1 ± 9.4 μg g−1) in SRM 1649a was also reported by Larsen et al.
(2006), and it was adopted as reference value by NIST (2009). Pomata
et al. (2014) proposed that the low concentration data obtained by Larsen
et al. (2006) was likely due to the low extraction efficiency. From the
comparison (Fig. 2), it is clear that the higher value reported (around
160 μg g−1) was repeatedly determined among different laboratories, re-
gardless the different extraction protocol and instrument used. Therefore,
we reconfirmed that the reference value of levoglucosan in SRM 1649a
and 1649b should be replaced by the average (163 ± 4.5 μg g−1) among
the available data, rather than 81.1 ± 9.4 μg g−1.

4.4. Environmental implications

The different biomass burning emissions could be inferred from the
relative abundance of aromatic acids. Vanillic acid could be produced
by incomplete combustion of softwood (i.e. conifer), while p-hydro-
xybenzoic acid is mainly from grass burning (Simoneit et al., 1999;
Simoneit, 2002). For example, there was no vanillic acid detected in the
North American tundra grass burning (Oros et al., 2006). In this study,

Table 1
Quantitative ions and retention times for target compounds as well as their
detection limits.

Analytes Target ions
(m/z)

RT (min) Detection limit
(μg L−1)

p-Hydroxybenzoic acid 267 10.64 1.40
p-Hydroxybenzoic acid (13C6) 273 10.64
MXP 204, 217 11.04
Levoglucosan 204, 217 11.32 1.94
Vanillic acid 297 12.04 0.34
Syringic acid 327, 342 13.62 0.68
p-Coumaric acid 293, 308 14.20 2.38
Dehydroabietic acid 239 20.23 4.28

Table 2
Values of aromatic acids and levoglucosan in NIST SRM 1649b.

Analytes Concentrations and standard deviations (μg g−1)

Calibration
curve method

Standard
addition method
(10) *

Standard
addition method
(30) *

p-Hydroxybenzoic acid 29.4 ± 0.90 28.5 ± 1.25 25.4 ± 2.74
Levoglucosan 171 ± 6.99 158 ± 11.5 165 ± 7.16
Vanillic acid 13.7 ± 0.56 10.4 ± 0.18 8.69 ± 1.46
Syringic acid 3.38 ± 0.26 1.02 ± 0.10 1.23 ± 0.36
p-Coumaric acid 4.25 ± 0.21 1.47 ± 0.10 1.85 ± 0.44
Dehydroabietic acid 10.6 ± 2.17 8.02 ± 0.19 7.18 ± 2.80

Note∗: The value in brackets (10 or 30) represents the amount of sample used
(unit, mg) in the standard addition method.

Fig. 2. Comparison of levoglucosan concentration in NIST standard 1649a/
1649b in this work and in other publications. (Note: a The average of all
available values for SRM 1649a, but except the value of 81.1 ± 9.4 μg g−1

reported by Larsen et al., (2006); b for SRM 1649a; c for SRM 1649b; The value
in brackets (10 or 30) represents the amount of sample used (unit, mg) in the
standard addition method).
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the ratio of vanillic to p-hydroxybenzoic acids (VA/p-HBA) was de-
termined as 0.51 in PM10 samples from Beijing and 0.70 in PM2.5

samples from Godavari, South Asia (Table S3). Such low values are not
surprising, because agricultural residue is still substantially burned in
the North China Plain (Zhang and Cao, 2015) and South Asia by the
residents for cooking or heating (Stone et al., 2010). While Fujii et al.
(2015a) reported that vanillic acid is more abundant than p-hydro-
xybenzoic acid in the emission from Indonesia peatland fire.

Regarding the SRM 1649b that was collected in Washington, D.C.
area, the ratio of VA/p-HBA is 0.35, indicating that the burning of
herbaceous plants like grass has more contribution than conifer in this
region. It should be noted that the relative abundance of aromatic acids
in the environment is not only controlled by emission characteristics,
but a possible transformation (like photochemical degradation) in the
atmosphere has also somewhat effects. Therefore, the application of the
ratios such as VA/p-HBA may be more reliable near the source area of
biomass burning than the receptor area far away.

Other ratios between aromatic acids were also proposed and uti-
lized. For example, the ratio of syringic to vanillic acid (SA/VA) was
found to be depending on the biomass types (Myers-Pigg et al., 2016).
The SA/VA ratios for burning woody angiosperm (hardwood) and non-
woody angiosperm (herbaceous plants) was 1.90–2.44 and 0.10–2.00
respectively, while it was much lower for burning gymnosperm (0.01)
and non-woody gymnosperm (0.03–0.24) (Myers-Pigg et al., 2016;
Shakya et al., 2011). Regarding aerosol samples from Beijing and
Godavari, the SA/VA ratios were 2.21 (2.05–2.48) and 0.71 (0.62–0.96)
respectively (Table S3), suggesting that hardwood and grass (including
agricultural residue) were more likely sources for the biomass burning
aerosols in these two regions. These results were consistent with the
previous findings in Beijing (Zhang et al., 2015) and the northern Indo-
Gangetic Plains (Wan et al., 2017). In the future, with more analyses of
those molecular markers in emission sources and ambient samples, the
environment significance of their ratios will be better established.

5. Summary and conclusions

As the specific tracers for lignin combustion, five aromatic acids,
including p-hydroxybenzoic, vanillic, dehydroabietic, syringic and p-
coumaric acids were determined in SRM 1649b, along with levoglu-
cosan that is specifically derived from cellulose pyrolysis.

Noticeable positive matrix effects were found for vanillic, dehy-
droabietic, syringic and p-coumaric acids. Therefore, standard addition
method was better than the calibration curve method. Using the stan-
dard addition method, the average values of p-hydroxybenzoic, vanillic,
syringic, dehydroabietic and p-coumaric acids in SRM 1649b is 26.9,
9.53, 1.13, 7.60 and 1.66 μg g−1, respectively. The measurement con-
sistency was checked by the comparison of levoglucosan values re-
ported. We suggested that the reference value of levoglucosan in
NIST SRM 1649a and 1649b should be replaced by the average
(163 ± 4.5 μg g−1) among the available data from different labora-
tories, rather than current value of 81.1 ± 9.4 μg g−1.

For the environmental samples from China (PM10) and South Asia
(PM2.5), the ratios of vanillic to p-hydroxybenzoic acid and syringic to
vanillic acid suggested that their biomass-burning types are mainly
related to hard wood and herbaceous species, especially the burning of
agricultural residues.
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