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Abstract
Biochar derived from spent coffee grounds was used for the first time as an adsorbent for monitoring and application in a sam-
pling device of gaseous polycyclic aromatic hydrocarbons (PAHs), rather than for the removal of PAHs from the environment, 
as had been attempted in previous research. The device consists of three parts: an air filtration component, an air sampling 
component (glass tube filled with lab-made biochar), and a flow controller component. The findings demonstrated that the 
developed sampling device has a high potential for the collection of gaseous PAHs in ambient air, including naphthalene, 
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, and pyrene, under conditions involving 
low air flow rates (≤ 4 L/min) and low temperatures (≤ 10 °C). Moreover, two connected glass sampling tubes packed with 
lab-made biochar performed better than a single tube and required less than three hours to prevent significant loss of gase-
ous PAHs. By using the spiking method on biochar prior to sampling, accuracy levels greater than 80% were achieved for 
all compounds. Additionally, the efficiency of the biochar was compared with that of a commercial adsorbent (XAD-2), and 
no significant differences were found. These results suggest that biochar has strong potential for practical applications in the 
sampling of gaseous PAHs. When comparing production costs, the average price of biochar produced from biomass was 
estimated to be around 0.18% of the cost of the commercial adsorbent (XAD-2) per sampling.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of 
pollutants consisting of hydrocarbon compounds character-
ized by the presence of two or more fused aromatic rings. 
They are found in the atmosphere in both gaseous and par-
ticulate phases. PAHs with two to three rings are predomi-
nantly found in the gaseous phase, while those with five to 

seven rings are mainly present in the particulate phase. Four-
ring PAHs, however, are distributed between both phases 
(Eiguren-Fernandez et al. 2007; Lu et al. 2008; Martins et al. 
2013). In general, the health hazards associated with gaseous 
PAHs are lower than those posed by particulate PAHs. How-
ever, gaseous PAHs are more abundant in the environment 
(Romo et al. 2019). Acute exposure to these compounds 
can cause symptoms such as eye irritation, vomiting, diar-
rhea, confusion, skin irritation, and inflammation. Chronic 
health effects include eye cataracts, kidney and liver dam-
age, respiratory issues, decreased immune function, lung 
dysfunction, and asthma-like symptoms (Abdel-Shafy and 
Mansour 2016). For example, naphthalene has been linked 
to headaches, cataracts, hemolysis, and renal damage (Nayak 
et al. 2019). It is also associated with dermatitis and cancer 
(Sukadi and Ilyas 2022). Additionally, Yang et al. (2019) 
reported that phenanthrene elevated CYP2B10 expres-
sion, leading to hepatotoxicity. Moreover, small-molecule 
PAHs have been found to suppress gap-junctional intercel-
lular communication in cells more effectively than high-
molecular-weight PAHs in living organisms (Romo et al. 
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2019; Wong et al. 2017). Under favorable conditions in the 
ambient air, these molecules can also transform into signifi-
cantly more hazardous oxidized PAHs (Mueller et al. 2019; 
Ringuet et al. 2012). Drotikova et al. (2020) reported that 
the primary pathways for PAH degradation include direct 
photolysis and reactions with atmospheric oxidants—such 
as hydroxyl and nitrate radicals, ozone, and nitrogen diox-
ide—in the gas phase, as well as heterogeneous gas-particle 
interactions. Numerous studies have shown that oxidized 
PAHs are more harmful than their non-substituted counter-
parts, as they can cause DNA damage, mutations, and cancer 
(de Oliveira Galvão et al. 2018; Bandowe and Meusel 2017; 
Idowu et al. 2019).

The sampling of PAHs is typically conducted for both 
gaseous and particulate phases using a high-volume active 
air sampler that operates at a flow rate between 15 and 30 
m3/h (Kim Oanh et al.2000; Portet-Koltalo et al. 2007). In 
this method, the particulate phase is collected by trapping 
PAHs on a filter paper, while the gaseous phase is sampled 
by subsequently adsorbing PAHs onto materials such as 
polyurethane foam (PUF) (Bohlin et al. 2010; Meijer et al. 
2008), Tenax TA (Sonnette et al. 2017; Wauters et al. 2008), 
or XAD resins (Kobayashi et al. 2010; Wei et al. 2007). 
However, several limitations are associated with this con-
ventional approach, primarily due to reduced degrees of 
sampling efficiency. These issues result in blow-off (also 
called volatilization) and the effects of elevated tempera-
tures, which can lead to significant losses of PAHs from the 
sampling media (Galarneau and Bidleman 2006), as well 
as in incidences of oxidation by atmospheric gases (Chu 
et al. 2010).

Over the past decade, various alternative sampling meth-
ods have been developed and employed for monitoring gas-
eous PAHs in ambient air. Among these, passive sampling 
methods have been advanced with wider applications for our 
proposed objective (Bartkow et al. 2005; Choi et al. 2009; 
Namieśnik et al. 2005). Compared to high-volume active 
air sampling, passive sampling offers several advantages: it 
is cost-effective, compact, simply constructed, and easy to 
operate and transport and does not require electricity. How-
ever, this technique also has certain limitations. It typically 
requires extended sampling durations, while the collected 
analytes are susceptible to photodegradation and oxidation 
by atmospheric oxidants.

To improve sampling efficiency, some researchers 
have introduced an alternative method for collecting gas-
eous PAHs using low-flow active sampling (1–3 m3/h) 
through various sorption media such as polydimethylsi-
loxane (PDMS) foam/PDMS particles/Tenax TA (Wauters 
et al. 2008), PDMS/Tenax TA (Lazarov et al. 2013), and 
water + surfactant (Portet-Koltalo et al. 2007). This approach 
has demonstrated greater sampling efficiency by minimizing 
the loss of volatile compounds and significantly reducing the 

risk of contamination. However, monitoring gaseous PAH 
compounds in the ambient air using this method requires 
large quantities of commercial sorbent media, resulting in 
high operating costs and other recurring expenses, which 
make it unsuitable for widespread applications in many 
developing countries. As a result, the development of cost-
effective alternative sampling materials and methods is con-
sidered both necessary and urgent.

Biochar (BC) is recognized as a low-cost adsorbent 
produced from a variety of abundant carbon-rich biomass 
forms of waste, such as agricultural and forest residue, as 
well as from animal residue. It is generated through a ther-
mochemical process in the absence of oxygen at relatively 
low temperatures (≤ 700 C) (Lehmann and Joseph 2009). 
Recently, BC has attracted considerable attention due to its 
beneficial properties, which include a large specific surface 
area, highly porous structure, enriched surface functional 
groups, and a diverse mineral composition (Cao et al. 2017; 
Han et al. 2017). As a result, it has been effectively utilized 
in a range of environmental, agricultural, and horticultural 
applications (Dumroese et al. 2011).

To our knowledge, only a small number of studies have 
reported the use of biochar (BC) as an adsorbent with good 
adsorption capacity for polycyclic aromatic hydrocarbons 
(PAHs) in soil and aqueous media (Lamichhane et al. 2016; 
Zand 2017), while none have specifically investigated its 
application for gaseous PAH sampling. This research, there-
fore, aimed to develop a highly efficient sampling device for 
gaseous PAHs using BC derived from spent coffee grounds 
as a low-cost adsorbent. One of the main challenges in gase-
ous PAH sampling is the loss of analytes at various stages, 
particularly during sampling. Accurate quantification 
requires low-volume active air sampling, with performance 
highly dependent on the sorbent material used. In this study, 
BC was selected as the sorbent for gaseous PAH collec-
tion, and a dedicated method was developed to optimize its 
sampling efficiency. The device was subsequently validated 
under real field conditions to address the challenges posed 
by complex sampling matrices during a smoke haze period.

Materials and methods

Chemicals and standards

A 2000 μg/mL PAH standard (99% purity in dichlorometh-
ane) was employed in this research study. It contained the 
following components: naphthalene (NAP), acenaphthyl-
ene (ACY), acenaphthene (ACE), fluorene (FLU), phen-
anthrene (PHE), anthracene (ANT), fluoranthene (FLA), 
pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHR), 
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), 
benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DbA), indeno 
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[1,2,3-cd]pyrene (IND), and benzo[g,h,i]perylene (BPER). 
This standard was supplied by Restek Corporation (Belle-
fonte, PA, USA). Additionally, a 2000 μg/mL deuterated 
internal standard acenaphthene-d10 (ACE-d10) (99% purity 
in dichloromethane) was obtained from Supelco (Mainz, 
Germany). Both standards were diluted to prepare stock 
solutions at concentrations of 20 µg/mL for the reference 
standard and 50 µg/mL for the internal standard using a 
hexane (Hex):dichloromethane (DCM) (1:1, v/v) mixture. 
All organic solvents used in this research project were of 
high-performance liquid chromatography (HPLC) grade 
(99.9% purity) and were obtained from RCI Labscan (Bang-
kok, Thailand). The solvents were stored in amber bottles 
at − 20 °C to prevent photodegradation of PAHs.

Experimental apparatus and procedure

BC was produced from spent coffee grounds (SCGs) in a 
fixed bed reactor. In each of our trials, 60 g of dried SCGs 
was used for each experiment (Supplementary Fig. A.1). 
Nitrogen gas was introduced into the reactor at a heating 
rate of 50 °C/min for 30 min to ensure complete removal of 
oxygen (O2) from the system. Pyrolysis was then conducted 
at target temperatures of 300 °C and 500 °C, while a consist-
ent heating rate of 10 °C/min was applied. Each temperature 
was held for 1 h before the system was allowed to cool to 
room temperature. The resulting biochar were designated as 
BC300 and BC500, which corresponded to the SCGs pyro-
lyzed at 300 °C and 500 °C, respectively.

Physicochemical characterization

Sample preparation

Since physicochemical characterization requires clean, pure, 
and dry samples, the specimens, referred to as samples in 
the context of physicochemical characterization, were placed 
in an oven at 60 °C for 24 h to minimize residual moisture. 
They were then stored in a desiccator for at least 24 h before 
being used.

Characterization method

The physicochemical properties of SCGs and BC were 
examined using the following methods:

	 (i)	 Thermal decomposition behavior was analyzed to 
measure the quantity and rate of mass change due to 
breakdown, oxidation, or dehydration as a function 
of temperature or time. This was performed using 
thermogravimetric analysis (TGA) and the first 

derivative of the TGA curve. Accordingly, the rate 
of mass loss as a function of temperature or time was 
examined using derivative thermogravimetry (DTG). 
Both analyses were conducted simultaneously with 
a PerkinElmer TGA7 (USA). To prepare samples 
at temperatures ranging from 50 to 1300 C, a plati-
num (Pt) macro pan with a maximum temperature 
tolerance of about 1500 C was used. Two pans were 
employed: one for reference and one for the sample. 
After balancing the instrument between the refer-
ence and sample pans to account for the weight of 
the reference pan, only the sample pan was removed, 
filled with a specimen weighing less than 20 mg, 
and placed in the designated sample site within the 
instrument. The temperature was set between 50 and 
1300 C with a heating rate of 10 C per minute in a 
nitrogen atmosphere prior to analysis.

	 (ii)	 Specific surface area was determined by nitrogen 
(N2) adsorption and calculated using the Brunauer–
Emmett–Teller (BET) method with a Quantachrome 
Autosorb-1 analyzer (USA). An important step in 
the process involved carefully recording the mass of 
each specimen by subtracting the mass of an empty 
gas rod from that of the gas rod filled with the speci-
men. This was done in order to determine the sample 
weight before degassing. Each specimen was then 
degassed in the BET analysis instrument overnight 
prior to beginning the analysis. After degassing, 
the specimens were immersed in a liquid nitrogen 
bath while the instrument conducted the nitrogen 
adsorption tests. During the test, known quantities 
of ultra-pure nitrogen gas were introduced into the 
tube, while the relative pressure (P/P₀) was recorded. 
This measurement was limited to a specific region 
of the adsorption isotherm, typically within a P/P₀ 
range of 0.05 to 0.35. The collected data were then 
used to calculate the mass-specific surface area of the 
material, with automated calculations performed by 
the software based on a linear plot of 1/[(P₀/P) − 1] 
vs. P/P₀, as has been presented in Eqs. (1) and (2).

where υ is the adsorbed volume of gas, υm is the adsorbed 
monolayer volume, p is the equilibrium gas pressure, p0 is the 
saturation pressure, and ccc is the BET constant. The Y-inter-
cept and slope of this function can then be used to solve for 
the constants c (= slope/intercept + 1) and υm (1/(slope + inter-
cept). The specific surface area (S, surface area per unit mass) 
can then be calculated using the following equation:
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where N is Avogadro’s number (molecules per mole), A is 
the cross-sectional surface area of a single adsorbed gas 
molecule, mmm is the mass of the nanomaterials used in 
the measurement, and 22,400 is the Standard Temperature 
and Pressure (STP) volume of one mole of gas. The surface 
area is expressed in units of area per mass (e.g., m2/g), which 
can be converted to a volume-specific surface area through 
multiplication of the material’s density.

	 (iii)	 Surface functional groups were identified using Fou-
rier-transform infrared spectroscopy (FT-IR) with a 
BRUKER Tensor 27 instrument (Germany). The 
process involved the following steps: Prior to pro-
cessing, each piece of equipment was cleaned with 
absolute ethanol. A sample of 1.0–2.0 g was gen-
tly ground with 200 mg of solid KBr using an agate 
mortar and pestle to form a fine powder. This mix-
ture was then pressed into a pellet under a vacuum 
and at a pressure of about 75 kN/cm2 for 2–3 min to 
produce a clear and transparent pellet. These pellets 
were placed in the sample holder of the FTIR instru-
ment for spectral analysis of the functional groups. 
The spectral resolution was 4 cm−1 with a scanning 
range of 400–4000 cm−1.

	 (iv)	 Surface morphology was observed using scanning 
electron microscopy (SEM) with a JEOL JSM-
5910LV (USA). Specimen current is a key charac-
teristic of electron-sample interaction, as changes 
in specimen current can significantly influence 
imaging quality. To regulate and enhance imaging, 
electro-conductive tape should be used, and the 
samples should be coated with conductive mate-
rial. Specimens were mounted on the surface of 
the stub using double-sided carbon adhesive tabs 
(tape). Compressed air was used to remove any 
excess material to prevent contamination of the 
SEM instrument and maintain vacuum integrity. 
The specimens were then coated with gold using a 
gold sputtering system. After sputtering, the stub 
was removed from the system before inserting the 
sample into the SEM instrument. Next, the pumps 
were activated, allowing the system to reach the 
required vacuum conditions. The SEM software 
was then launched, and a focused image of each 
sample was acquired at magnifications of 250x, 
1000x, and 2500 × to compare the morphology of 
each compound.

(2)S =
�mNA

22,400xm

Field validation of a developed gaseous 
PAH sampling device

Design of gaseous PAH sampling device

The low-volume active air sampling device was designed 
to collect gaseous PAHs in ambient air and consisted of 
three main components: Part I (Air introduction compo-
nent), Part II (PAHs sampler), and Part III (Flow control-
ler) as shown in Fig. 1. These components are connected 
via a nylon tube, which was chosen for its elasticity and 
capacity to handle oil and chemicals, as well as its durability 
and ability to maintain a constant flow. In the operation, air 
samples were continuously drawn through a sheet of cel-
lulose acetate paper (0.8-μm pore size) in Part I. In Part 
II, the gaseous PAH compounds were adsorbed by selected 
adsorbents such as XAD-2 or BC. This part was developed 
to minimize the loss of gaseous PAH compounds by operat-
ing at low temperatures. To maintain a stable temperature 
during sampling, a gas sampling tube, filled with adsorbents, 
was placed inside a polyvinyl chloride (PVC) pipe, which 
was then packed inside a foam box. Ice packs were used to 
regulate the temperature of the sampling tubes, as they are 
relatively inexpensive, easy to acquire, and reusable. The 
temperatures within the sampling unit were kept constant at 
around 8–10 °C and were controlled as necessary.

The flow controller (Part III) consisted of a flow meter 
and a vacuum pump. The gaseous PAH compounds were 
adsorbed onto the glass surface, which resulted in a loss of 
analytes. To prevent this, the sampling tubes were soaked in 
isopropanol to coat the glass surface. Afterward, the tubes 
were dried, and the adsorbent was packed.

Sampling tubes and adsorbents

Two types of adsorbents (XAD-2 and BC) were selected 
to compare the collection of gaseous PAHs obtained from 
ambient air. The commercial XAD-2, with a specific sur-
face area of 346.6 m2/g, was bought from Sigma-Aldrich-
Supelco Chemical Co., Ltd. (USA), while BC was produced 
by slow pyrolysis of SCGs. A glass pasteur pipette (150-mm 
length × 0.9-mm i.d. × 2-mL volume; Paul Marienfeld GmbH 
& Co. KG, Germany) was used as an adsorbent package, as 
shown in Fig. 1. The results obtained from a sample tube 
containing 250 mg of BC, which was the largest amount used 
for the gaseous extraction of PAHs by ultrasonic extraction, 
showed no significant difference (Tala and Chantara 2019b) 
when compared with the results of a sample tube containing 
150 mg of XAD-2 as a standard adsorbent (NIOSH method 
5515) (NIOSH 1994). The tubes were then set up in the 
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complete sampling device to collect gaseous PAHs from the 
ambient air on the rooftop of a 9-storey building (ScB1), 
Faculty of Science, Chiang Mai University (CMU), Thailand, 
during a smoke-haze period in northern Thailand.

Sample treatment and analysis

Sample treatment of PAHs was developed for both extraction 
and sample clean-up to facilitate the study of trace com-
pounds in a wide range of sample matrices adsorbed onto 
both adsorbents prior to GC–MS analysis (Tala and Chantara 
2019a). Eight PAHs (2- to 4-ring compounds) were selected, 
including NAP, ACY, ACE, FLU, PHE, ANT, FLA, and 
PYR because they vaporize rapidly at ambient temperatures 
(30–45 °C) and within a short sampling period. All resulting 
factors and outcomes were aligned with this study’s objec-
tives. In brief, the eight PAHs adsorbed onto the adsor-
bents (i.e., BC and XAD-2) were extracted using ultrasonic 
extraction. During the process, each sampling adsorbent was 
soaked in 25 mL of a mixture of dichloromethane (DCM):2-
propanol (2-pro) (4:1) for about 5 min and ultrasonicated 
for 30 min at a low temperature (≤ 10 °C). The extract 
solution was then filtered through a 0.45-μm nylon syringe 
filter (Agela, USA) before being reduced to approximately 
0.80–1.0 μL using a rotary evaporator. The solution was 
adjusted to 2.0 mL with a mixture of 2-pro: water (1:1) to 

protect the analytes from volatility and adsorption on a glass 
container before it was stored in a refrigerator until analysis. 
Prior to GC–MS analysis, co-extracted compounds and any 
remaining water in the extract solution were removed. The 
solution was diluted with 4.0 mL of water to obtain 20% 
2-pro in water, which helped maintain activation of the octa-
decyl chains on the sorbent bed for solid-phase extraction 
(SPE) during the clean-up process. The solution was then 
cleaned up using a silica-based SPE cartridge, and 3.0 mL 
of a DCM: Hex:2-pro (1:1:0.1) mixture was used as the elu-
ent. An excess of anhydrous Na2SO4 (about 250 mg), which 
was sufficient to remove the water bubble from the solution, 
was added to completely remove the water before filtration 
through a 0.45-μm nylon syringe filter. The syringe filter was 
then rinsed with 5–10 mL of the eluent to reduce analyte 
sorption. The solution was subsequently concentrated again 
using a rotary evaporator.

Finally, 200 μL of 0.020 μg/mL of ACE-10 (internal 
standard) was added to achieve a final concentration of 
0.020 μg/mL in a 2-mL volumetric flask prior to GC–MS 
analysis. The efficiency of the sample treatment was then 
evaluated by recovery values of the 8 PAHs using a spik-
ing method and SRM 1649b. The spiking method recovery 
values ranged from 81% (NAP) to 96% (ANT), while SRM 
1649b recovery values ranged from 64% (NAP) to 98% 
(ACY and FLU) (Tala and Chantara 2019a).

Fig. 1   Schematic diagram of low-volume active air sampling for gaseous PAHs. Part I: air filtration, Part II: air sampling, and Part III: flow con-
troller
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Quality assurance/quality control for analysis of gaseous 
PAHs by GC/MS

To verify the capability of the sampling device for gaseous 
PAHs, key analytical parameters of GC–MS, including a 
calibration graph, limit of detection (LOD), limit of quanti-
fication (LOQ), linearity, and precision, were investigated. 
Calibration graphs were constructed for each PAH, covering 
both low concentrations (0–20 ng/mL) and high concentra-
tions (10–100 ng/mL). LOD and LOQ were determined by 
an injection of 10 times the lowest concentration (1 ng/mL) 
of the mixed standard into GC–MS under optimum condi-
tions. The values for LOD and LOQ were then calculated 
from both 3- and 10-times standard deviations for LOD 
and LOQ, respectively. The degree of precision, in terms 
of repeatability and reproducibility, was evaluated by per-
forming 10 injections of the same standard on the same day 
and after 10 days, respectively. The results were presented in 
terms of % RSD (relative standard deviation). All data have 
been presented, and an evaluation of the sampling device 
for the gaseous PAHs was also obtained (Tala and Chantara 
2019b).

Results and discussion

Physicochemical characterization of BC

Thermogravimetric analysis (TGA)

An earlier study (Kreatananchai et al. (2015) attempted to 
increase the value of SCGs as a feedstock for BC produc-
tion to promote fuel generation. To determine the optimal 
pyrolysis temperature, thermogravimetric analysis (TGA) 
was employed to investigate the mass loss of SCGs as a 
function of temperature. Cellulose, hemicellulose, and 
lignin are the primary components of natural lignocellu-
losic materials. Accordingly, the composition of SCG was 
reported to consist of cellulose (8.6–47.3%), hemicellulose 
(32.0–43.0%), and lignin (23.9–33.6%) (Lee et al. 2023). 
These compounds degraded at different temperatures: hemi-
cellulose between 220 and 300 °C, cellulose between 300 
and 340 °C, and lignin above 340 °C (El-Sayed and Mostafa 
2020). Based on the decomposition profiles and weight loss 
trends established from TGA, pyrolysis temperatures of 
300 °C and 500 °C were selected for BC production. The 
resulting BC yields were 73.00% and 34.67% for BC300 and 
BC500, respectively, indicating a two-fold reduction in yield 
at the higher temperature. However, at 500 °C, the remain-
ing BC was primarily composed of lignin, which possessed 
aromatic rings with hydrophobic properties. This enhanced 
its potential to adsorb PAHs via π-π electron-donor–accep-
tor interactions, while also contributing to a lower degree 

of water adsorption (Crocker 2010; Liu et al. 2010a). At 
this temperature, polar active sites originating from cellulose 
and hemicellulose were largely degraded, further promot-
ing hydrophobic adsorption. Notably, higher pyrolysis tem-
peratures resulted in BC that is more thermally stable and 
hydrophobic (Wan Ab Karim Ghani et al. 2013). However, 
the trade-off is a reduced yield that must be considered for 
commercial-scale applications due to ever-increasing pro-
duction costs. In addition, the derivative thermogravimet-
ric (DTG) plot showed that thermal degradation of SCGs 
occurred primarily between 200 and 600 °C, with more than 
95% devolatilization achieved at 500 °C. Therefore, slow 
pyrolysis at this temperature was selected to maximize the 
effectiveness of BC for gaseous PAH adsorption following 
fuel production. This pyrolysis temperature is also in agree-
ment with those recommended for BC in environmental 
applications (Song and Guo 2012).

SEM analysis

The slow pyrolysis process of BC employed 125–355 μm 
dried SCGs as feedstock, which were then pyrolyzed at tem-
peratures of 300 °C and 500 °C. After pyrolysis, the result-
ing BCs were found to have smaller particle sizes than the 
original SCGs due to the thermal degradation of organic 
components. The particle sizes were approximately 180 μm 
for BC300 and 125 μm for BC500. According to Tala and 
Chantara (2019b), the surface morphology of raw SCGs 
exhibited smooth and thick plate-like structures, indicating 
a lack of porous structure and low specific surface area. This 
was likely because the active sites and pores were covered 
by volatile organic compounds (Pignatello et al. 2006). In 
contrast, the SCGs pyrolyzed at 300 °C (BC300) and 500 °C 
(BC500) displayed surfaces with various pore structures. 
This could have been attributed to the release of volatile 
compounds during pyrolysis, which generated new pores, 
thereby increasing the surface area and pore volume and 
enhancing physical adsorption (Lin et al. 2014; Omidi et al. 
2019; Wang et al. 2015). Notably, BC500 exhibited more 
extensive pore formation than BC300 due to the higher 
degree of volatile compound removal that occurred at the 
elevated temperature. This would also suggest that the pyrol-
ysis temperature significantly influenced the pore structure, 
affecting not only the number of pores, but also wall thick-
ness and pore diameter size (Fu et al. 2011; Liu et al. 2010b). 
Therefore, the morphology of BC500 differed markedly 
from that of BC300. However, nitrogen adsorption analysis 
revealed that both B300 and B500 had relatively low spe-
cific surface areas. This could have been due to the residual 
bio-oil present on the surfaces of the BCs, which may have 
interfered with the adsorption and desorption processes. 
Therefore, BC derived from SCGs should always be cleaned 
prior to use as an adsorbent in monitoring applications.
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Specific surface area

The Brunauer–Emmett–Teller (BET) method was used to 
determine the specific surface area of both BC and SCGs. 
According to Tala and Chantara (2019b) the specific surface 
areas of BC300 and BC500 were found to be 4.58 m2/g and 
8.42 m2/g, respectively. These values are consistent with 
those reported in previous studies for other biomass sources, 
such as buckwheat husk (10.7 m2/g) (Zama et al. 2017), corn 
stover (3.1 m2/g) (Mullen et al. 2010), and fescue straw (1.8 
m2/g) (Keiluweit et al. 2010). Several factors contributed 
to the relatively low specific surface area observed in this 
study: (i) the presence of inorganic materials that partially 
filled or blocked the residual pores, (ii) limited N2 accessibil-
ity into the micropores of BC, (iii) bottleneck-shaped pores 
and a low abundance of slit shape, (iv) nonlinear behavior 
in the low to mid-pressure range of the BET isotherm, and 
(v) a non-equilibrium state in the N2 adsorption–desorption 
process, potentially caused by surface-bound bio-oil. The 
bio-oil, a sticky residue presents in both BC300 and BC500, 
likely served as a barrier to nitrogen molecules during BET 
measurement, which also contributed to the non-equilibrium 
adsorption–desorption behavior. Although these BET values 
are useful for comparing BC produced under similar condi-
tions, the BC produced in this study was intended for use as 
an adsorbent for gaseous PAHs. Therefore, it was necessary 
to clean the BC in order to remove residual PAHs and any 
other contaminants. According to Spicer et al. (1990), the 
acceptable level of PAHs in adsorbents should be below5 
μg/g. In this study, the residual PAHs in the cleaned BC 
ranged from 0.064 to 0.070 μg/g. Following the cleaning 
process, the specific surface areas increased significantly 
from 4.58 to 37.15 m2/g for BC300, and 8.42 to 98.32 m2/g 
for BC500. These results indicate that without the cleaning 
step, bio-oil residues would have continued to inhibit nitro-
gen adsorption–desorption, leading to underestimated BET 
surface area values.

Fourier‑transform infrared (FTIR)

Fourier-transform infrared spectroscopy (FTIR) analysis 
revealed that the functional groups present in BC were 
predominantly linked to oxygenated hydrocarbons, which 
originated from the structure components of cellulose 
and hemicellulose (Wan Ab Karim Ghani et  al. 2013). 
According to Tala and Chantara (2019b), the FTIR spec-
tra showed evidence of aliphatic compound degradation, as 
indicated by the disappearance of aliphatic C-H stretching 
in 2950–2850 cm−1 and C-O stretching in 1135–952 cm−1 
ranges in both pyrolyzed BC300 and BC500. In addition, 
prominent bands corresponding to aromatic carbon struc-
tures were observed. These included C-H stretching within 
a range of 860–680 cm−1, C = C bending within a range of 

1700–1500 cm−1, and C = O stretching within a range of 
1750–1680 cm−1, which were especially evident in both 
BC300 and BC500. The increased presence of aromatic 
C groups in the IR spectra suggests enhanced aromaticity, 
which has been linked to improved PAH adsorption capacity 
(Lee et al. 2010). Accordingly, these alterations may have 
led to higher levels of PAH adsorption on the adsorbent (Lee 
et al. 2010) and greater resistance to oxidation and degrada-
tion (Spokas et al. 2009), as has been reported by Keiluweit 
et al. 2010. Moreover, characteristic bands of silicon dioxide 
(SiO2) were observed at 460, 800, or 1040–1100 cm−1 in 
both SCGs and BC, indicating the presence of phytoliths–sil-
ica-based structures that naturally occur in plants tissues 
(Parr 2006). Silicon (Si), the second most common element 
in the Earth’s crust, is typically found in high amounts in 
soil samples (> 50% SiO2). It plays an essential role in plant 
physiology by mitigating environmental stresses through its 
function as a bio-silicon within the soil–plant system. It is 
primarily adsorbed by the roots of plants (Matichenkov and 
Bocharnikova 2004: Mitani et al. 2005). Si accumulates in 
epidermal tissue and forms a cellulose membrane-Si layer 
when calcium and pectin ions are present (Waterken et al. 
1981). Therefore, it is not surprising that Si was detected 
in the resulting BC produced from plant-based feedstock. 
BC enriched with silicon, often referred to as “Sichar,” has 
shown promise in soil improvement and environmental 
remediation applications, such as by alleviating aluminum 
(Al) toxicity in plants and immobilizing contaminants like 
arsenic (As), cadmium (Cd), and hexavalent chromium [Cr 
(VI)] (Wang and Wang 2019).

Optimization of sampling conditions affecting 
collection efficiency

Sampling flow rate

Flow rate is a key parameter that affects the efficiency of the 
sampling process, as it influences the resident time of the 
gaseous PAHs adsorbed on the adsorbents (Jin et al. 2014; 
Temime-Roussel et al. 2004). To obtain sufficient quanti-
ties of PAHs, high-volume active air samplers are typically 
employed to simultaneously collect gaseous and particulate 
PAHs at specific high flow rates (1–−30 m3/h) (Kim Oanh 
et al.2000; Portet-Koltalo et al. 2007); however, there are 
a number of limitations that can be associated with high 
losses of compounds. In this research study, the sampling 
process was significantly improved by implementing a low-
flow-rate system for gaseous PAH sampling. Consequently, 
the optimal low flow rate for the developed gaseous PAH 
sampling device was firstly investigated. The commercial 
adsorbent (XAD-2), used as a reference according to the 
NIOSH Method 5515 (NIOSH 1994), was tested at a flow 
rate of 2 L/min, while BC500 was evaluated at flow rates 
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of 2, 3, and 4 L/min. Given the likely lower adsorption 
potential of BC500 when compared with XAD-2, this study 
aimed to enhance the performance of BC500 for gaseous 
PAH adsorption, wherein we strived to achieve a degree of 
efficiency comparable to that of XAD-2. This challenge was 
addressed by incorporating a moisture trap tube installed 
before the BC500 sampling tube to remove moisture and 
polar compounds, as well as by employing a low-tempera-
ture system to reduce evaporation rates while ensuring effec-
tive adsorption of gaseous PAHs on both adsorbents. Fol-
lowing Chuang et al. (1987), lower temperatures were found 
to yield higher recovery values of volatile PAHs during sam-
pling. The estimated degrees of efficiency of BC500 and 
XAD-2 at different flow rates were compared using the ratios 
of BC500 to XAD-2 (B/X) for individual rings of PAHs. All 
ratio values were close to 1, indicating that the efficiencies 
of both adsorbents were nearly identical. As is shown in 
Table 1, the ratios of gaseous PAHs obtained from BC500 
and XAD-2 sampling tubes varied as follows: 0.67–0.86 for 
8-PAHs, 0.64–0.94 for 2-ring PAHs, 0.69–0.86 for 3-ring 
PAHs, and 0.78–1.14 for 4-ring PAHs. These variations 
may be attributed to differences in the physical properties of 
each adsorbent, such as surface area and surface functional 
groups, which could then affect sampling efficiency. Another 
important factor to consider is potential interference within 
the air sample, including moisture and polar compounds. 
These interfering substances may compete for adsorption 
sites on the heterogeneous surfaces of the adsorbents, lead-
ing to variations in the adsorption rates of gaseous PAHs, 
especially for biochar. However, this developed sampling 
method indicated that PAHs could be highly adsorbed on 
both kinds of adsorbents. Moreover, gaseous PAH concen-
trations obtained from various flow rates were not found to 
be significantly different. The adsorption that occurred on 
the glass surface of the sampling tube during the course of 
this research study should also be considered. This process 
is influenced by the retardation factor (Rf), defined as

where t0 is the dead time of the system, t is the measured 
retention time, and t′ is the adjusted time. This equation indi-
cates that the retardation factor depends on the travel time 
of a compound within the studied column, as well as on the 
sorption coefficient (Kd), which is defined as

where Cs is the equilibrium concentration of the compound 
on the glass surface and Cw is the equilibrium concentra-
tion of the compound in the media. According to Qian 
et al. (2011), flow rate should be selected with the goal of 

(3)Rf =
(t − t�)

(t
0
− t�)

(4)Kd =
Cs

Cw

performing the experiment as quickly as possible. This is 
because a lower flow rate can increase the retardation fac-
tor (Rf) of the compound in any glass column. That, in 
turn, results in a higher sorption coefficient (Kd), where the 
adsorption of PAHs approaches equilibrium and a higher 
degree of adsorption on the glass surface can be observed. 
Therefore, both the length of the sampling tube and the 
sampling flow rate are important considerations. Moreo-
ver, according to Zheng et al. (2024), who studied the mass 
transfer kinetics of compound desorption from an adsorbent, 
penetration curves were plotted as Cout/Co, where Cout is 
the concentration at the outlet of the fixed bed during the 
adsorption–desorption process (in mg/Nm3) and Co is the 
concentration of the compound at the inlet (also in mg/Nm3) 
measured against time (seconds). The overall mass transfer 
coefficients determined under experimental conditions fol-
lowed similar trends: when a high flow rate of gas passed 
through the packed bed of the adsorbent, the ratio of Cout/
Co was lowest, indicating that the adsorbate was more effec-
tively adsorbed onto the adsorbent within the packed bed 
reactor. The results of mass transfer resistance, as studied by 
Ouchi et al. (2019), also indicated that overall mass transfer 
resistance decreased rapidly with an increase in air veloc-
ity, particularly during the adsorption process. This suggests 
that a greater amount of adsorbate was adsorbed onto the 
adsorbent and that the effective diffusivity was highest at 
high velocity. As has been previously established, a shorter 
sampling tube and a higher sampling flow rate are preferred 
to minimize losing effects. However, since only one size of 
glass tube was selected, flow rate was only one factor used 
in the estimation process. Therefore, a flow rate of 4 L/min 
was chosen as the optimal sampling flow rate for developing 
an effective sampling device for gaseous PAHs in ambient 
air. Importantly, based on previously published data, gaseous 
PAHs have not yet been investigated in Northern Thailand. 
Therefore, in this study, the sampling volume was carefully 
selected to ensure the successful detection of all eight tar-
get gaseous PAHs throughout the experiment. This decision 
was guided by the sampling flow rate, a critical parameter 
for field validation of gaseous PAH sampling. To further 
enhance accuracy and minimize matrix effects—factors that 
can compromise analytical reliability—as well as to reduce 
the potential loss of gaseous PAHs during collection, a 
short sampling duration with an optimized flow rate was 
employed. This strategy enabled the effective detection of 
very low concentrations of all eight gaseous PAHs present 
in the ambient air.

When compared with other studies on the development 
of gaseous PAH determination (low-volume active air sam-
pling) and generally high-volume active air sampling (as is 
shown in Table 2), our selected flow rate aligns with the val-
ues reported in various other studies that aimed to develop 
active sampling methods for gaseous PAHs using low flow 
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rates. This was achieved despite differences in trapping 
media but when total volumes were similar due to minimal 
losses of gaseous PAHs during the sampling process. For 
example, Aretaki et al. (2024) employed a flow rate of 4 L/
min for gaseous PAH sampling via solid-phase extraction 
(SPE) with ISOLUTE ENV +, a polystyrene-based adsor-
bent, over an 8-h period, resulting in a total sampled vol-
ume of 1.92 m3. Additionally, all the sampling methods for 
gaseous PAHs using low-flow pumps listed in Table 2 were 
designed to trap 2-ring PAHs, except for the method utilized 
by Jin et al. (2014), which did not focus on these compounds. 
This outcome contrasts with the use of high-volume active 
air samplers, such as those used by Albinet et al. (2007) and 
Lee et al. (2023), which failed to adequately detect or cap-
ture 2-ring PAHs. Moreover, the recovery values of PAHs 
were often estimated for the extraction process after sam-
pling, although a potential loss of gaseous PAHs during the 
sampling period itself could have occurred.

Sampling duration

A long sampling period is preferable as it enhances ana-
lytical detection. However, the sample matrix can affect the 
GC–MS system, particularly at the active sites (i.e., silanol 
groups and metal ions) on the surface of the stationary phase 
of the GC column. This could lead to decreases in the loss 
of susceptible analytes due to adsorption or degradation on 
these active sites (Anastassiades et al. 2003; Hajšlová and 

Zrostlı́Ková 2003). Moreover, a negative effect may have 
occurred as a secondary consequence of the breakthrough 
volume, the volume of the sample pumped through the 
adsorbent without retaining the analytes, which could have 
easily taken place in our study, especially with volatile com-
pounds like gaseous PAHs. Therefore, a shorter sampling 
duration is more suitable for minimizing analyte losses. 
According to Wauters et al. (2008), the sampling volume for 
environmental trace analysis of a broad spectrum of persis-
tent organic pollutants (POPs), including PAHs, in ambient 
air should be small, as it would limit the detection of con-
centrations that are as low as sub-nanogram per cubic meter. 
Based on the study conducted by Lee et al. (2003), which 
investigated the retention of vapor-phase PAHs using XAD 
adsorbents, the specific retention volumes (Vg), defined 
as the volume of gas required to elute each compound at 
20 °C for XAD-2, were 245, 222, 373, 637, 486, 1089, and 
834 m3/g for ACY, ACE, FLR, PHE, Ant, FLT, and PYR, 
respectively. Furthermore, their results indicated that the 
ratio of Vg at 20 °C to Vg at 40 °C for these compounds was 
4.5, 3.4, 3.8, 3.9, 3.1, 3.6, and 2.7 times, respectively. These 
findings indicate that the mass of PAHs adsorbed onto the 
XAD resin increased along with higher Vg values. Conse-
quently, higher recoveries of volatile PAHs were observed 
at lower sampling temperatures (Chuang et al. 1987; Lee 
et al. 2023). In our study, the sampling temperature was set 
below 10 °C, which may imply a higher Vg for biochar when 
compared with ambient temperatures and lead to reduced 

Table 2   Examples of gaseous sampling methods for gaseous PAHs in ambient air around the world

*H2O water, C2H3N acetonitrile, CTAB cetyltrimethylammonium bromide, NaCl sodium chloride

Order No. of 
ring 
PAH

Sampling technique Sorbent media Flow rate Time Total volume Reference

(L/min) m3/h (h) (m3)

1 2–4 Low flow active air sam-
pling pump

Biochar 4.00 0.24 2 0.48 This study

2 2–4 Low-volume active air 
sampling

Aqueous medium (H2O: 
C2H3N (95:5 V/V) with 
a surfactant (CTAB at 
10−4 mol/L and NaCl 
(10−2 mol/L)

1.67 0.10 6 0.60 Portet-Koltalo et al. 2007

3 2–6 Gilair 3 personal air sam-
pling pump

PDMS/Tenax TA 0.10 0.006 24 0.144 Wauters et al.2008

4 2–6 GSA SG350 PDMS/Tenax TA 0.333 0.01998 24 0.48 Lazarov et al. 2013
5 3–6 Low-volume active air 

sampling
Dichloromethane + ice/salt 

water (~ 0 °C)
2.00 0.12 2 0.24 Jin et al. 2014

6 2–6 Sibata MP300 Carbopack C 2.00 0.12 12 1.44 Kim Oanh et al. 2000
7 2–6 Low-volume pump ISOLUTE ENV + (poly-

styrene)
4.00 0.24 8 1.92 Aretaki et al. 2024

8 3–7 High-volume active air 
sampling

PUF 500 30 12 360 Albinet et al. 2007

9 3–7 High-volume active air 
sampling

PUF + XAD-2 500 30 24 720 Lee et al. 2023
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losses of gaseous PAHs. Given that the specific surface area 
of BC500 was 98.32 m2/g and approximately 3.5 times lower 
than that of XAD-2, which had a surface area of 346.6 m2/g, 
a rough calculation would suggest that the sampling vol-
ume for the BC500 sampling tube should not exceed 70 m3 
based on the Vg value for ACY. Although this estimation 
has not been fully corrected, it provides a useful indication 
of the estimation of breakthrough volume or sampling vol-
ume for gaseous PAHs of pure biochar. For the purposes of 
testing this new method, several sampling durations (1, 2, 
3, and 4 h) at a flow rate of 4 L/min were investigated. The 
corresponding volumes sampled were 0.240, 0.480, 0.720, 
and 0.960 m3, respectively, which were determined to be 
lower than our rough calculations. This would suggest that 
a lower breakthrough volume may occur with biochar during 
the sampling process. The concentration ratios of gaseous 
PAHs ranged from 0.70 to 1.53 for 2-ring PAHs, 0.87 to 1.20 
for 3-ring PAHs, 0.72 to 1.20 for 4-ring PAHs, and 0.79 to 
1.27 for 8-PAHs, based on a comparison of detected values 
recorded during the two sampling periods. No significant 
differences were observed in the ratios when comparing 1-h 
and 4-h intervals for each PAH ring. This was true except 
for the total 8-PAHs recorded between 3 and 4 h, where a 
significant difference was detected. The results suggest that 
the reversible interaction between the adsorption and des-
orption processes of gaseous PAHs and biochar may reach 
equilibrium within 3 h. Initially, the adsorption rate was high 
due to the full exposure of the biochar surface. As adsorp-
tion progresses, the rate gradually decreases as more of the 
surface becomes covered by gaseous molecules, while the 
desorption rate increases as PAH molecules escape from the 
biochar surface. Equilibrium is reached when adsorption and 
desorption rates equalize, which has been estimated to occur 
within 3 h for biochar and gaseous PAHs in ambient air. 
Beyond this point, equilibrium shifts toward higher desorp-
tion than adsorption, which was possibly due to limitations 
in binding energies and saturation capacity. Additionally, 
the decrease in adsorption capacity for gaseous PAHs may 
have been influenced by the occurrence of moisture break-
throughs from the moisture trap, as indicated by a color 
change in the silica gel from blue to purple with pink hues 
at the 4-h sampling mark. In contrast, the silica gel remained 
blue for 3 h, suggesting effective moisture retention up to 
this point. Therefore, this issue might have an effect of los-
ing gaseous PAHs during sampling, which influenced our 
calculation of the sampling volume.

Sampling temperature

A major problem that can affect gaseous sampling is the 
high loss of analytes. Temperature is a major factor influenc-
ing the spontaneous adsorption process on the adsorbent. In 
general, gas adsorption takes place when the intermolecular 

forces between solid–gas molecules are stronger than those 
between the gas–gas molecules. Consequently, the result-
ing degree of adsorption is similar to that of condensation, 
which is carried out by the liberation of heat (Erkey 2011):

where ΔG° represents the change in Gibbs free energy; ΔH° 
represents the change in enthalpy; ΔS° represents the change 
in entropy, and T represents temperature. In the adsorption 
process, ΔG° is negative for the spontaneous process, while 
ΔS° is also necessarily negative because the adsorbed state 
is more ordered than the unadsorbed state. Consequently, 
ΔH° is always negative (as an exothermic reaction). For this 
reason, several studies have reported that the amounts of 
PAH on the adsorbents decreased along with an increase in 
temperature (Lamichhane et al. 2016; Srogi 2007; Xu et al. 
2019). Moreover, the effect of temperature on the adsorption 
equilibrium is indicative of the degree of adsorption strength 
(Piatt et al. 1996; Jia et al. 2010). Based on the Van’t Hoff 
equation, we can establish a formula that relates tempera-
ture change to the change in the equilibrium constant of a 
chemical reaction:

where dlnK
dT

 is the rate of change of the natural logarithm of 
the equilibrium constant with respect to temperature, ΔH° 
is the adsorption enthalpy, R is the gas constant, and T is the 
absolute temperature. The increase or decrease of K along 
with temperature relates to the positive or negative degree of 
adsorption enthalpy of the process. This is determined when 
values are applied to two temperatures, T1 and T2, with equi-
librium constants K1 and K2, respectively. The Van’t Hoff 
equation establishes an integration formula as follows:

The expression of K is a very sensitive function of tem-
perature, wherein the exponential equation provides the tem-
perature dependence of the equilibrium constant observed 
as follows:

Using Eqs. (5) and (8), we can establish the following:

We can then establish the natural log of both sides:

Accordingly, we know that Eq. (10) is indicative of a 
straight line (y = mx + c), which can be plotted as ln K vs 

(5)ΔG◦ = ΔH◦ − TΔS◦

(6)
dlnK

dT
=

ΔH◦

RT2

(7)ln
K2

K1
=

−ΔH◦

R
[
1

T2
−

1

T1
]

(8)K = e−ΔG
◦∕RT

(9)K = e−ΔH
◦∕RTeΔS

◦∕R

(10)��K = −
ΔH◦

R

1

T
+

ΔS◦

R
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1/T. Several studies have found that the ΔH° values of 
PAHs adsorbed on the adsorbent were observed to be neg-
ative (He et al. 1995; Hiller et al. 2008; Huang and Weber 
1997; Wang et al. 2011). Therefore, the slope will be posi-
tive with a positive intercept. This would imply that the 
exothermic reaction would consequently indicate that the 
equilibrium constant would decrease along with increas-
ing temperatures. All equations can contribute to deter-
mining that the adsorption was inversely dependent upon 
temperature. Moreover, KOA and Kp were also employed 
to describe the effect of temperature on adsorption for 
gaseous PAHs adsorbed on BC. The octanol–air parti-
tion coefficient (KOA) is an important indicator of chemi-
cal partitioning between the atmosphere and the organic 
phases of the environment such as soil, vegetation, and the 
organic components of aerosols (Shoeib and Harner 2002; 
Parnis et al. 2015). It can also be applied to describe the 
adsorption and desorption processes between the gaseous 
and particulate phases of semi-volatile organic compounds 
(SVOCs) (Ancelet et al. 2011; Liu et al. 2013) including 
phthalates, polybrominated diphenyl ethers (PBDEs), and 
polycyclic aromatic hydrocarbons (PAHs). In the absence 
of data, KOA can be estimated using the octanol–water par-
tition coefficient (KOW) and Henry’s law constant (H) as 
follows:

where R is the ideal gas constant (8.314 J/mol. K) and T is 
an absolute temperature (K).

The octanol–air partition coefficient can be expressed as

where the ΔH and b variables are considered temperature 
independent. The enthalpy of sublimation (ΔHsub) and the 

(11)KOA =
KOWxRT

H

(12)KOA =
KOW

KAW

(13)KOA =
Conc.inoctanol∕Conc.inwater

Conc.inair∕Conc.inwater

(14)KOA =
conc.inoctanol

conc.inair

(15)KOA =
S◦

p◦

RT

(16)logp◦ =
−ΔHsub

2.303RT
+ bsub

(17)logs◦ =
−ΔHsol

2.303RT
+ bsol

enthalpy of dissolution in octanol (ΔHsol) are expressed in J/
mol. The enthalpy of transitioning from an octanol solution 
to air is denoted as ΔA

O
H . The temperature dependence of 

KOA can be determined by the following equation:

where K′OA has units of concentration/pressure, Δ 
o
AH = ΔHsub − ΔHsol and the intercept (bsol − bsub) is a 

constant.
Moreover, the partitioning of SVOCs between the gas-

eous and particulate phases at equilibrium was estimated 
using the SVOC particle/gas partition coefficient (Kp), which 
was determined based on the saturation vapor pressure of the 
pure sub-cooled liquid, po

L
 (Weschler et al. 2008). The equi-

librium of concentrations between the gaseous and particle 
phases of SVOCs is defined as

where F (ng/m3) and Cg (ng/m3) are the equilibrium concen-
trations of the compounds in the particulate phase and the 
gas phase, respectively, TSP (μg/m3) is the total concentra-
tion of suspended airborne particles, and Kp is the particle/
gas partition coefficient (m3/μg).

Pankow (1994) determined the particle/gas partition coef-
ficient (Kp) (m3/μg) based on the absorptive process:

where ƒom is the mass fraction of organic compounds in the 
particle phase, R is the gas constant (8.314 J/mol K), T is 
the absolute temperature (K), MWom is the mean molecular 
mass of the organic matter phase (g/mol), γ is the activity 
coefficient of the compound in the organic matter on a mole 
fraction basis, and p0

L is the vapor pressure of the pure SOC 
(subcooled liquid in the case of solids) (Pa).

The phase transition of a single constituent between the 
liquid phase and the gas-phase can be characterized by the 
Clausius-Clapeyron relationship:

where ΔH represents the phase change enthalpy (J/mol) and 
ΔV represents the volume change of the constituent during 
the phase change (m3/mol). The phase change enthalpies for 
SVOCs were obtained from the previously published litera-
ture of Acree and Chickos (2010).

Based on the assumptions that (i) the change in SVOC 
volume in the liquid phase is small compared to the change 

(18)logKOA =
(ΔHsub − ΔHsol)

2.303RT
− bsub − bsol + logRT

(19)Cg =
(

F

TSP
)

Kp

(20)Kp =
fomRT

MWom�p
0
L,T

106

(21)
dp0

L,T

dT
=

ΔH

TΔV
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in the gas phase, (ii) the gas phase containing SVOCs 
behaves as an ideal gas, and (iii) the variance in the phase 
change enthalpy for SVOCs is negligible at ambient tem-
perature, the change in the volume of the SVOC during the 
phase transition can be represented as follows:

Combining Eqs. (21) and (22),

Therefore,

Accordingly, we can assume that the variation in the 
activity coefficient of SVOCs in particles is minimal 
across various room temperatures.

And further establish

As per Eq. (24), log Kp,T is a temperature-dependent 
function that varies with log T and ΔH/(2.303RT). We can 
then arrive at the following equation:

If |ƒ(T)|< <|ƒ(ΔH)|, then ƒ(T) is negligible compared 
to ƒ (ΔH). This suggests that when ΔH is high and the 
temperature varies within a narrow range, Eq. (26) can 
be reduced to

Therefore,

where A ≈ ΔH/(2.303R) and B is a constant that var-
ies among each compound. Equation (30) represents the 

(22)ΔV =
RT

p0
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(30)logKp,T =
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theoretical relationship between Kp and temperature based 
on the adsorptive mechanism (Schwarzenbach et al. 2003). 
This relationship between log Kp and 1/T has been confirmed 
in previous studies (Pankow 1987; Boethling and Mackay 
2000; Finlayson-Pitts and Pitts 2000; Seinfeld and Pandis 
2006; Wei et al. 2016). Therefore, as temperature increases, 
Kp values decrease, indicating an influence on Cg values or 
the concentration of compounds in the gaseous phase.

To reduce this loss, two ranges of temperatures, includ-
ing low temperature (≤ 10 °C) and ambient air (30–45 °C), 
were applied to the sampling tube containers for testing. 
Initially, a commercial adsorbent (i.e., XAD-2) was used 
to verify this hypothesis. In each sampling batch, two sets 
of sampling tubes packed with 150 mg of XAD-2 were 
connected and placed into the sampling box. Air sam-
ples were drawn at a flow rate of 2 L/min for 2 h. The 
results presented in Table 3 show that only 2-ring PAHs 
and 8-PAHs exhibited statistically significant differences. 
For hydrophobic organic compounds, such as PAHs, the 
primary adsorption mechanism is known as “hydrophobic 
sorption” which refers to the combined effect of London 
dispersion (van der Waals) forces. These molecular inter-
actions increase with the size and flexibility of the adsorb-
ate molecule, enhancing its ability to conform to the adsor-
bent surface. According to Wang et al. (2011), the enthalpy 
of adsorption becomes increasingly negative with larger 
PAHs, indicating stronger van der Waals interactions. Sim-
ilarly, Petrucci et al. (2007) explained that higher molec-
ular weight compounds tend to exhibit stronger van der 
Waals forces due to greater polarizability and larger elec-
tron clouds, resulting in increased intermolecular attrac-
tions. It is understood that 2-ring PAHs, such as NAP, 
are the smallest and most highly volatile molecules that 
predominantly exist in the gaseous phase. Consequently, 
their adsorption to surfaces is relatively low when com-
pared with larger PAHs, making them more susceptible 
to losses during the sampling process. These findings are 
consistent with those of Hiller et al. (2008), who reported 
that NAP adsorption on various sorbents decreased along 
with increasing temperatures. This explains why NAP 
concentrations were the only significantly different values 
observed, along with 8-PAHs, which are typically the most 
abundant PAHs in ambient air. BC was subsequently tested 
under the same conditions. No significant differences were 
observed in the concentrations of 4-ring PAHs. However, 
differences between the two adsorbents were noted and 
were likely due to their specific properties. For example, 
XAD-2 possesses a chemically homogeneous and nonionic 
structure, as well as unique macroreticular porosity, which 
makes it effective for adsorbing organic pollutants (dos 
Reis et al. 2013; Sigma-Aldrich Co. 1997). In contrast, 
BC has a heterogeneous surface and a relatively low sur-
face area, as has been previously described in sections 
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of physicochemical characterization. Nevertheless, both 
adsorbents demonstrated that low sampling temperatures 
can significantly reduce the loss of volatile compounds, 
thereby enhancing the efficiency of gaseous PAHs.

Amount of BC used

Various publications (Matovic 2011; Mohan et al. 2014; 
Qadeer et al. 2014; Zhang et al. 2013) have demonstrated the 
effective use of biochar (BC) for soil conditioning, remedia-
tion, and carbon sequestration of both organic and inorganic 
compounds including polycyclic aromatic hydrocarbons 
(PAHs). However, the use of BC as an adsorbent for the col-
lection of gaseous PAHs has not been extensively explored. 
This is likely because adsorption efficiency depends upon 
the physicochemical properties of both the adsorbent and 
the adsorbate. It is also important to note that BC can be 
influenced by the composition of raw materials during its 
heat treatment process, which, in turn, can affect its proper-
ties (Lian et al. 2014).

In our study, we did not test the adsorption capacity of BC 
in a controlled laboratory environment using a closed cham-
ber. Instead, we conducted gaseous PAH sampling under 
real ambient conditions. For the purposes of comparison, 
we used commercial XAD-2 as a reference adsorbent to 
evaluate the sampling efficiency of gaseous PAHs using our 
lab-made BC. The results indicated that the efficiency of 
our developed BC was not significantly different from that 
of XAD-2 when used in the developed gaseous PAH sam-
pling device. However, sampling gaseous PAHs can present 
challenges, particularly in terms of vaporization loss dur-
ing the sampling process. To mitigate this issue, the use of 
sandwiched adsorbents or sample train sampling has been 
recommended to improve the potential for gaseous PAH 
sampling. During our sampling process, a pressure drop in 
the vacuum pump was observed, which led us to compare 
different amounts of BC, at 150 mg and 250 mg, to assess 
their efficiency in collecting gaseous PAHs. This comparison 
was made prior to finalizing the optimal amount of BC for 
use in the developed gaseous PAH sampling device.

Table 3 shows the detected PAHs adsorbed on 150 mg and 
250 mg of biochar and the ratio of concentrations between 
the two amounts (150 mg/250 mg). It was found that there 
were no significant differences between the two amounts of 
BC used for each ring and 8-PAHs. Based on these findings, 
both amounts of BC could be used for low concentrations 
of gaseous PAH sampling in ambient air. However, 250 mg 
was chosen because it may help reduce any losses associated 
with breakthrough volume if high concentrations of PAHs 
are found in the ambient air.

Due to the limitations of chamber testing in the labo-
ratory, an indirect comparison method was used to assess 
the efficiency of biochar (BC) in field validations relative 

to XAD-2, while employing a spiking approach. In this 
method, 100 ng of each gaseous PAH (equivalent to 208 ng/
m3) was spiked onto the adsorbents inside the sampling 
tubes, which included both BC (150 mg and 250 mg) and 
XAD-2 (150 mg). These spiked samples were then aged 
overnight in a refrigerator to ensure complete adsorption 
of the PAHs onto the adsorbents. Subsequently, they were 
used to sample gaseous PAHs in the field, and the samples 
were analyzed using the previously described method. The 
recovery values for 2–4 ring PAHs from all adsorbents were 
found to be quite similar. For BC, the recovery rates were 
88–96% for the 150 mg sample, 90–103% for the 250 mg 
sample, and 85–104% for XAD-2. These results suggest that 
both the 150 mg and 250 mg BC samples, as well as XAD-2, 
demonstrated comparable degrees of efficiency for sampling 
gaseous PAHs. This confirms that the amounts of adsorbent 
used in this study were suitable and acceptable for gaseous 
PAH sampling in ambient air, providing confidence in the 
reliability of BC as an adsorbent for this purpose.

Moreover, when compared with other studies using low-
volume active air sampling for gaseous PAHs, the amount 
of adsorbent used in our study was similar to that which was 
used in other research work. For example, Wauters et al. 
(2008) used 120 mg of PDMS and 60 mg of Tenax TA, while 
Aretaki et al. (2024) used 200 mg of polystyrene to develop a 
sampling device for gaseous PAHs. However, in our research 
work, we used a higher amount of biochar due to its lower 
physical properties when compared with the commercial 
adsorbents used in those other studies. The similar amounts 
of adsorbent used across all the developed sampling devices 
likely served the same purpose, which was to prevent pres-
sure drops during sampling. This is because the low-flow 
pump used to collect the air sample had a lower capacity 
to handle large pressure drops in the sampling media when 
compared with high-volume active air sampling. Therefore, 
achieving the desired flow rate over the sampling period 
was a simpler task for the low-flow pump (McCammon and 
Woebkenberg 2016).

Consecutive sampling tube

In previous studies, commercial adsorbents, such as PUF 
and XAD resins, were used individually for sampling gas-
eous PAHs (Pankow 1988; Zaranski et al. 1991). How-
ever, these adsorbents were not proven to be artifact-free 
(Temime et al. 2002). A significant consideration in active 
sampling is the potential loss of gaseous PAHs, which may 
be adsorbed by downstream sampling media. To address this 
issue, a sampling device was developed using a sandwiched 
configuration of sampling media to achieve higher collec-
tion efficiency, particularly for low molecular weight PAHs 
such as naphthalene (NAP). For example, the use of PUF/
XAD-4/PUF (Xie et al. 2014) and PUF/XAD-2 (Xu et al. 
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2012; Singh et al. 2023) has been found to facilitate higher 
efficiency when compared with using a single adsorbent 
alone (Zaranski et al. 1991; Lee et al. 2004). Notably, this 
design helps prevent compound loss during both sampling 
and extraction processes (Jia et al. 2020).

In this study, we examined the efficiency of gaseous PAH 
sampling by comparing the use of one versus two sampling 
tubes to determine whether this configuration could improve 
collection efficiency. Initially, two connected sampling tubes 

(each containing 250 mg of BC500) were used for air sam-
pling at a flow rate of 4 L/min for 2 h. However, a pressure 
drop was observed before the sampling period was com-
pleted. A second test was then conducted under the same 
conditions, but with a reduced amount of BC500 in the sec-
ond tube (250 mg in the first tube and 150 mg in the second).

As is shown in Table 3, gaseous PAHs were detected in 
both the first and second sampling tubes for 2-ring, 3-ring, 
and 4-ring PAHs. These results indicate that the use of only 

Table 3   Effect of sampling temperature, amount and number sampling tube on the adsorbent efficiency for gaseous PAHs, and comparison of 
the efficiency of XAD-2 and BC based on the gaseous PAH device in ambient air

Detected gaseous PAHs (ng/m3)

Mean ± SD (n=3)
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15 5a 32 4b 0.46 16 3a 36 3b 0.45

3-ring 
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26 2a 29 2a 0.92 32 1a 58 3b 0.56
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PAHs
32 14a 29 12a 1.10 70 16b 56 15a 1.27

3-ring 

PAHs
41 15a 42 22a 0.78 75 1b 55 3a 1.07

4-ring 
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19 10a 18 8a 1.10 24 4a 15 0.2a 1.57
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3-ring 

PAHs
68 66 1.02 42 41 1.01 59 55 1.08
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20 19 1.06 16 16 0.99 12 13 0.95

P s 178 184 0.97 116 122 0.95 217 190 1.14
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13 12 1.09 27 30 0.89 18 14 1.25
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Italic alphabets “a” and “b” express significant difference between groups (p < 0.05)
A detected from ambient temperature, L detected from low temperature,150 detected from 150 mg, 250 detected from 250 mg, X detected in 
XAD-2, B detected in BC
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one sampling tube with biochar was insufficient for collect-
ing gaseous PAHs from ambient air. This finding aligns with 
studies that used commercial sorbents for gaseous PAH sam-
pling, such as PUF/XAD-4/PUF (Xie et al. 2014) and PUF/
XAD-2 (Lee et al. 2024; Singh et al. 2023; Xu et al. 2012), 
in high-volume active air sampling, or PDMS/Tenax TA 
(Lazarov et al.; Wauters et al. 2008) in low-volume active 
air sampling.

The outcomes of our research have also indicated that low 
temperatures could play an important role in gaseous PAH 
sampling in ambient air, particularly for retaining gaseous 
PAHs and removing moisture during the sample preparation 
step before analysis by GC techniques. Although the results 
indicate that a higher number of gaseous PAHs was found 
in the second sampling tube, this may have been due to the 
low temperature, which could have helped retain gaseous 
PAHs, or the limitations of the biochar’s physical proper-
ties such as specific surface area and heterogeneous surface 
characteristics.

Overall, the method we developed for gaseous PAH 
sampling using two connected sampling tubes shows prom-
ise and warrants further refinement and validation. This 
approach offers a reliable foundation for continued moni-
toring and method improvement.

Validation of the developed gaseous PAH device

This investigation was conducted under the same optimum 
conditions that were used during the sampling method. 
There were two connected sampling tubes (1st: 250 mg; 
2nd: 150 mg) operating under low sampling flow rates (4 L/
min) and at low temperatures (≤ 10 °C) during 2-h periods 
of sampling.

Method for detection limit  The performance of the devel-
oped gaseous PAH device was then further tested. The 
method detection limit (MDL) and LOQ values were cal-
culated by 3 and 10 times the standard deviation of the 
field blank, respectively. The MDL values were 0.26 ng/m3 
(ACY) to 4.43 ng/m3 (NAP), while the LOQ values ranged 
from 0.86 ng/m3 (ACY) to 14.76 ng/m3 (NAP) (Supplemen-
tary Table A.1).

Accuracy of developed gaseous PAH sampling device  The 
recovery values of the gaseous PAHs were used to assess 
the accuracy of both the sampling preparation and analysis 
methods. To determine these recovery rates, the sampling 
tube containing BC500 was spiked with a mixed 8 PAH 
standard, with each compound being added at a concentra-
tion of 80 ng. The sample was then aged or incubated at a 
cooled temperature overnight to ensure complete adsorption 
before being used in the sampling procedure. Although the 
optimal configuration consisted of two connected sampling 

tubes (250 mg of BC in the first tube and 150 mg in the 
second), only the first sampling tube was spiked for recov-
ery testing. However, upon analysis, it was found that gase-
ous PAHs were present in both sampling tubes. The first 
sampling tube yielded 70 ± 4% of the total 8-PAHs, while 
the second tube yielded 11 ± 4%. The gaseous PAH com-
pounds were also grouped according to their number of 
rings to assess their absorption by biochar. The recovery 
values for 2-ring, 3-ring, and 4-ring PAHs in the first sam-
pling tube were 43 ± 1%, 71 ± 4%, and 84 ± 7%, respectively, 
while those in the second tube were 15 ± 1%, 10 ± 5%, and 
11 ± 5%, respectively. To confirm the efficiency of the devel-
oped gaseous PAH sampling device, a mixed PAH standard 
was spiked onto 150 mg of XAD-2, which was then packed 
into a sampling tube before analysis using the same proce-
dure. The PAH recovery values were found to be 79 ± 3% for 
8-PAHs, 54 ± 2% for 2-ring PAHs, 76 ± 3% for 3-ring PAHs, 
and 100 ± 6% for 4-ring PAHs (Supplementary Fig. A2). 
Additionally, after extraction, neither biochar nor XAD-2 
adsorbents could be reused, as they were found to stick to 
the syringe filter that was used to obtain filter extracts from 
both adsorbents.

According to Jia et  al. (2020), the acceptable recov-
ery range for field validation using standard compounds, 
which assess recovery during sample collection, handling, 
and analysis, typically falls between 60 and 120%. In their 
study, the sampling media for gaseous PAHs consisted of 
sandwiched sorbents containing polyurethane foam (PUF)/
XAD/PUF, which were deployed in the field. Their results 
reflected recovery values of 72.8% for 3-ring PAHs and 
89.2% for 4-ring PAHs. Based on these criteria, the recovery 
results from the developed gaseous PAH sampling device 
fall within the acceptable range for PAH sampling, as has 
been explained above.

Application of the developed gaseous PAH device 
for air sampling

After the gaseous PAH sampling device was completely 
optimized, it was then used for air sampling in the real envi-
ronment. The sampling efficiency of the BC500 sampling 
tube was compared with that of the commercial XAD-2. 
A single tube packed with 150 mg XAD-2 and two con-
nected sampling tubes containing BC500 (250 mg + 150 mg) 
were set up for air sampling over the same period of time. 
They were employed on the same day in both the morn-
ing and afternoon sessions, as well as on consecutive days. 
The gaseous PAHs that were detected were present in the 
parallel sampling devices, as shown in Table 3. The PAH 
concentrations collected by the two types of adsorbents used 
in the sampling device were not significantly different. The 
PAH ratio values (X/B) were within the ranges of 0.74–1.19 
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(2-ring PAHs), 0.99–1.11 (3-ring PAHs), 0.95–1.25 (4-ring 
PAHs), and 0.97–1.14 (Σ 8-PAHs). The PAH concentrations 
detected by BC and XAD may vary due to various condi-
tions. In this case, a higher level of NAP concentrations was 
detected in the BC adsorbent than in XAD, although the 
opposite result was observed on the last day. The reason for 
this is because NAP is a highly volatile compound, and it 
can cause substantial fluctuations during the sampling and 
analysis processes.

The percentage ratios of gaseous PAHs collected by 
BC500 were also compared between the morning and 
afternoon sessions. It was found that the 2-ring PAHs were 
dominant during both sampling times (57% and 46%, respec-
tively) (Supplementary Fig. A3). These ratios varied due to 
changes in meteorological conditions (such as temperature 
and humidity) and the presence of some pollutants (such as 
nitrogen oxide and ozone), which influenced the reaction 
with the gaseous PAHs (Liu et al. 2014; Martins et al. 2013).

Based on these results, it can be concluded that the sam-
pling device was effective in the detection of gaseous PAHs 
in the field. Furthermore, the findings of this research study 
would indicate that the advantage of field validations would 
also reduce the problem of interference during optimiza-
tion. This could reduce the problem of a real sample analy-
sis, which would differ from the outcomes of a laboratory 
validation.

However, only a low recovery of NAP (58%) was obtained 
from the standard spiking test. As previously mentioned, it is 
important to note that the high volatility of this compound 
is a drawback in the overall determination, especially dur-
ing the hot dry season in Northern Thailand. This outcome 
can be confirmed by US EPA TO-13A (US EPA 1999), in 
which polyurethane foam (PUF) was used and only 35% 
sampling efficiency of NAP was obtained. Strandberg et al. 
(2022) also reported a low recovery of NAP (50%), while 
many other publications avoided reporting these compounds 
(Jin et al. 2014; Lazarov et al. 2013; Magnusson et al. 2016; 
Sabino et al. 2016; Strandberg et al. 2022).

When comparing the results of Kongpran et al. (2021), 
PAHs were collected throughout northern Thailand in Chi-
ang Rai, Mae Hong Son, Nan, Lampang, Lampang, and Tak. 
However, in Chiang Mai, both gaseous PAHs and particu-
late PAHs were collected during 24-h sampling intervals. 
It was found that the distribution of 3-rings was as follows: 
(50.67%) > 2-ring PAHs (47.65%) > 4-ring PAHs (1.68%). 
Notably, the order of distribution was reversed in our 
research study. This might have been the result of employ-
ing a different sampling method. For example, only XAD-2 
adsorbent was used for gaseous PAHs at a flow rate of 10 L/
min under high temperatures of ambient air, for which the 
recovery of all steps employed for this determination was 
not expected to be used in the extraction method. However, 
the results were confirmed by the results of Wauters et al. 

(2008), who compared the gaseous PAHs between high vol-
ume active air sampling (PUF) and developed adsorbents 
(PDMS/Tenax TA) with a low flow pump. Accordingly, 
it was found that the ratio of 2-ring PAHs, 3-ring PAHs, 
and 4-ring PAHs was 34.98, 1.69, and 1.37 times, respec-
tively. Moreover, our results revealed that the order of gas-
eous PAHs was similar to that reported by Wauters et al. 
(2008) as follows: 2-ring PAHs (72.88%) > 3-ring PAHs 
(22.49%) > 4-ring PAHs (4.63%), respectively.

Implications 

In general, XAD resins are among the most widely used 
adsorbents for sampling gaseous PAHs due to their high 
adsorption efficiency. However, they are relatively expensive 
and non-regenerable, making them a consumable material. 
These limitations highlight the need for a more cost-effective 
alternative in the development of practical sampling meth-
ods. Spent coffee grounds (SCGs), which are renewable 
bioresources derived from coffee production, are inevitably 
generated as waste during the coffee extraction process and 
offer potential as an alternative adsorbent. Based on recovery 
values, comparative analysis with commercially available 
XAD-2 showed that SCG-derived biochar (BC) exhibits 
good adsorption efficiency toward 8 PAHs, even though 
it may possess lower physicochemical properties, such as 
specific surface area, when compared with XAD-2. Ulti-
mately, applicability and cost-effectiveness are key factors 
in selecting a suitable adsorbent for gaseous compound sam-
pling. This study indicates that BC is a promising alternative 
adsorbent for monitoring gaseous PAHs in ambient air and 
can compete with commercial XAD-2 in terms of sampling 
efficiency. In terms of production cost, BC derived from 
biomass is significantly cheaper. According to González-
Pernas et al. (2022), the average price of BC is approxi-
mately €0.800/kg, which is only about 0.18% of the cost of 
XAD-2 (€444/kg, Sigma-Aldrich Co. 2022). We estimate 
the cost of BC used for one sampling (250 mg + 150 mg) 
to be just €0.00032. Therefore, the cost of BC is roughly 
200 times lower than that of commercial XAD-2. However, 
it is important to note that commercial-scale BC produc-
tion involves several additional steps that could increase 
its final cost. According to the BPT (Business Plan Tem-
plates) team (2024), operating a biochar production facility 
incurs various expenses that can significantly contribute to 
overall costs. These include raw material costs (30–50%), 
skilled labor (20–30%), utilities such as electricity and water 
(10–15%), equipment maintenance (5–10%), transportation 
(10–20%), packaging (5–7%), insurance and licensing fees 
(3–5%), marketing and sales (5–10%), and waste manage-
ment (2–3%). Moreover, while the high efficiency of biochar 
across various applications is promising, it often requires 
modifications that can further increase production costs. For 
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example, Maneechakr and Mongkollertlop (2020) reported 
that modifying biochar with magnetite (Fe3O4) or manga-
nese oxide (MnO2) increased its surface area by approxi-
mately 14 times when compared with unmodified biochar. 
These enhancements significantly improved its adsorption 
capacity for trivalent chromium (Cr3+) and lead (Pb2+) when 
compared with commercial activated carbon. However, such 
modifications substantially increase production costs, often 
exceeding those of pristine biochar and even some com-
mercial activated carbons. Overall, the device and approach 
developed in this research demonstrate promising potential 
for the future application of BC in the quantitative analysis 
of gaseous PAHs.

Conclusions
Gaseous polycyclic aromatic hydrocarbons (PAHs) react 
with other pollutants in the ambient air, forming highly 
hazardous chemicals that pose significant risks to both the 
environment and human health. To address this issue, an 
innovative active sampling technique has been developed for 
determining the concentration of these compounds in the air.

The results of this study demonstrate that biochar (BC) 
can effectively serve as an adsorbent for gaseous PAH sam-
pling in ambient air. While BC has lower physical properties, 
such as surface area and hydrophobicity, when compared 
with XAD-2, the design of the sampler can significantly 
improve its sampling efficiency. The optimal conditions for 
sampling gaseous PAHs using the proposed device are as 
follows: (1) two connected sampling tubes, each contain-
ing 250 mg and 150 mg of BC, and kept in a container at 
temperatures below 10 °C; (2) a sampling flow rate of ≤ 4 L/
min; and (3) a sampling duration of 1–3 h.

The recovery values for the 8-PAHs obtained from BC 
did not significantly differ from those obtained using 150 mg 
of XAD-2 as the reference adsorbent in the sampling tube. 
This method demonstrated excellent performance, with high 
sensitivity in estimating the concentration of gaseous PAHs. 
The simplicity, low cost, and positive performance of the 
proposed sampler make it a promising tool for monitoring a 
wide range of gaseous PAHs in ambient air.

However, the use of BC is associated with some limita-
tions due to its properties. BC typically has a heterogeneous 
surface with both hydrophobic and hydrophilic functional 
groups. The hydrophilic portions of BC can retain mois-
ture, which may interfere with the passage of gaseous PAHs, 
especially during longer sampling periods. This issue may 
be mitigated by modifying the surface area of BC with the 
intention of enhancing its long time of adsorption efficiency 
in future studies.

Furthermore, the sampling pump must be compatible 
with both the sampling duration and the sampling device in 
order to avoid certain problematic issues such as pressure 

drop and pump overheating, which could affect the accuracy 
of the results.
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