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Abstract
Activated carbon and silica gel adsorbents are commonly used as sampling agents in small glass tube products for 
work environment measurements of organic solvent vapor in air. In the measurements, extraction efficiency of organic 
solvent components from sampling agents is very important for accuracy of the determination. We have investigated 
the effect of two representative efficiency determination methods as established by the Industrial Safety and Health 
Act in Japan: the direct addition and phase equilibrium methods, using both of these adsorbent materials found in typi-
cal recent sampling tube products in Japan and four types of alcohol. The results indicate that the phase equilibrium 
method has a tendency to show slightly higher values compared with the direct addition method for each adsorbent. 
In addition, compared with silica gel, petroleum-based activated carbon can be a preferable sampling agent of alcohols 
in the extremely low concentration region, below approximately 10 ppm.

Keywords Adsorbents · Alcohols · Direct addition method · Extraction efficiency · Phase equilibrium method · Work 
environment measurement

1 Introduction

When evaluating and controlling work environments 
typified by various types of industrial plants, the meas-
urement techniques of harmful organic solvent vapors in 
air are very important [1–9]. In work environment meas-
urements, organic solvent vapors are collected by a small 
glass sampling tube loaded with a sampling agent using a 
suction pump at a constant time and flow rate. The organic 
solvent components are then extracted from the agent 
by an extraction solvent, e.g., carbon disulfide or metha-
nol, and the test liquid is analyzed by gas chromatogra-
phy. Next, the organic vapor concentration in air is calcu-
lated from the result and the collected volume of air. This 
method for measuring the organic vapor concentration 

in air using solvent extraction is called “the solid collec-
tion method.” Conventional activated carbon and silica 
gel 

(

SiO
2
⋅ nH

2
O
)

 adsorbents are typical sampling agents 
used in sampling tube products [10–22] for this method. 
In the current market, other materials for preconcentra-
tion are expensive and not effective in work environment 
measurements compared with these two types of adsor-
bents. The extraction efficiency of the organic solvent 
components is a very important factor for the accuracy 
of the determination [11–24]. It is desirable to figure out 
the efficiency before work environment measurements 
by the solid collection method. Particularly, the efficiency 
depends on the types and concentration of the organic 
solvents, and this tendency influences the accuracy of the 
results. Therefore, understanding the relation between the 
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determination methods and the organic solvent extraction 
efficiency is a significant issue for precise work environ-
ment measurements. In this regard, however, an interna-
tional standard for determination of processing methods 
has yet to be defined. At the present, two existing repre-
sentative methods: the direct addition and phase equi-
librium methods (described later), are used to determine 
efficiency [9]; however, choice between the two methods 
is left to the judgment of the measurer, and their detailed 
properties have been unresolved until now. Most recently, 
clarification of the differences and relative merits of each 
method has drawn attention for the improvement of work 
environment measurements. In this study, we have inves-
tigated the effect of the two determination methods on 
efficiency, using activated carbon and silica gel adsorbents 
from typical recent sampling tube products in Japan and 
four types of alcohol.

2  Experimental method

When measuring the extraction efficiencies of organic 
solvent components from adsorbent specimens, it is dif-
ficult to achieve sufficient accuracy and repeatability in the 
preparation and handling of rarefied organic vapors at a 
few ppm levels as standard samples. Therefore, as estab-
lished by the Industrial Safety and Health Act in Japan, in 
many cases of work environment measurements, extrac-
tion efficiencies are measured by the use of only a liquid 
sample and solid-state adsorbents through two repre-
sentative methods; direct addition and phase equilibrium 
methods [9, 17–20]. The schematics of both measurement 
methods are presented in Supplementary Fig. 1. In the 
phase equilibrium method, test liquid solutions are pre-
pared with a given amount of the sampling agent, organic 
solvent of interest comparable to the collection amount 
and extraction solvent through one-time admixture in a 
vial container. After settling time (≥ 1 h) with occasional 
shaking, the concentration of the organic solvent of inter-
est in the test liquid is measured by gas chromatography. 
The phase equilibrium method has particular benefits 
in repeatability and simplicity compared with measure-
ments using rarefied organic vapors. In contrast, in the 
direct addition method, the organic solvent used as the 
measuring object and the extraction solvent are added 
to the sampling agent separately. First, an amount of the 
organic solvent (comparable to the collection amount) is 
added to a given amount of the sampling agent using a 
microsyringe or micropipette in a vial container. Then, the 
vial container is stored in a refrigerator for a certain period 
of time to precipitate the adsorption of the organic solvent 
into the sampling agent and its stabilization without vola-
tilization of the organic solvent component. After cooling 

down, a certain amount of the extraction solvent is added 
into the vial container, and the subsequent experimen-
tal procedure is similar to that of the phase equilibrium 
method. In each measuring method, test liquid solutions 
are prepared with a given amount of sampling agent, 
organic solvent of interest comparable to amount of col-
lection and extraction solvent. After the settling time 
( ≥ 1 h) with occasional shaking, the concentration of the 
organic solvent of interest in the test liquid is measured by 
gas chromatography. The concentration is calculated from 
the peak area of data by the gas chromatograph. Finally, 
the extraction efficiency is calculated from the results and 
the initial amount of the organic solvent components.

The direct addition method is preferable because it 
resembles the actual sampling process of organic solvent 
vapors by the solid collection method in the collection by 
adsorbent materials and successive extraction from the 
materials. However, its experimental procedure is a little 
more complicated than the phase equilibrium method, 
and the effect of volatilization of the organic solvent com-
ponents and extraction solvents on accuracy and repeat-
ability are causes for concern. In this study, we aim to 
clarify the difference and relative merits of each method. 
Previously [17–19], we studied the relation between the 
material properties and organic solvent extraction effi-
ciency characteristics when determined by the phase 
equilibrium method. We collected activated carbon and 
silica gel adsorbents used in typical commercially avail-
able sampling tube products in Japan as samples. Then, we 
investigated the physical and chemical properties of the 
activated carbon and silica gel specimens according to the 
methods described in previous reports [17–19]. Based on 
the results, this study was performed using the activated 
carbon and silica gel specimens, which showed the most 
preferable results in the previous studies (activated carbon 
samples F and G [17], and silica gel sample D [19]). The 
activated carbon specimens were a coconut shell activated 
carbon and a petroleum-based activated carbon. The prin-
cipal experimental conditions for the measurement of the 
extraction efficiency and the properties of the sampling 
agents are described in Tables 1 and 2.

In many cases of work environment measurements, 
silica gel adsorbents are used for alcohols and other polar 
organic substances below approximately a few hundred 
ppm. We used 1-butanol, 2-butanol, cyclohexanol and iso-
pentyl alcohol (3-methyl-1-butanol) for the measurements 
of extraction efficiencies in this study. These are often 
used in the industrial field, as illustrated in the Industrial 
Safety and Health Act in Japan. The extraction efficiency 
is affected by the type of extraction solvents, which in this 
study were chosen as methanol for the silica gel adsorbent 
and carbon disulfide for the activated carbon adsorbents. 
Methanol and carbon disulfide are currently in common 
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use in work environment measurements, and for this rea-
son, applied in this study. We used products from FUJIFILM 
Wako Pure Chemical Corp. for each solvent. A SHIMADZU 
GC–14B gas chromatograph, which was equipped with 
a hydrogen flame ionization detector (FID), and a C–R8A 
Chromatopac data processor was used for the measure-
ments. A capillary column SHIMADZU CBP1–S25–050 or 
CBP20–S25–050 was also employed. Each measurement 
was performed at a constant temperature (313–333 K). 
Helium gas (≥ 99.995%) was used as the carrier gas for 
each measurement by the gas chromatograph.

3  Results and discussion

The extraction efficiency changes depending on the rela-
tive amounts of sampling agent and extraction solvent. 
In the present study, we standardized the amounts of 
activated carbon or silica gel and the extraction solvent 
used for each measurement to facilitate a suitable com-
parison of the measurement results. In each measurement, 
a certain amount of the silica gel specimen (approximately 
70 mg) and activated carbon specimens (approximately 
40 mg) were used. Each amount was decided from suit-
ability of measurements using a vial container of 1.5 mL 
and the effect of relative amounts of sampling agent 
and extraction solvent. In this regard, previous reports 
indicated that when both the mass of the activated car-
bon sampling agent (~ 100 mg) and the amount of car-
bon disulfide used as extraction solvent (1–3 mL) show 

relatively small change, the extraction efficiency does not 
change significantly [12, 13, 17]. In the phase equilibrium 
method, we prepared the test liquid solutions in refer-
ence to the control concentration of work environment 
standards established by the Industrial Safety and Health 
Act in Japan [9] (1-butanol: 25 ppm, 2-butanol: 100 ppm, 
cyclohexanol: 25 ppm, isopentyl alcohol: 100 ppm, all at 
298 K). Test solutions corresponding to 0.01 E, 0.025 E, 
0.05 E, 0.075 E, 0.1 E, 0.5 E and 1.0 E (where E = control 
concentration) of the organic solvents were prepared. The 
added amount of each organic solvent per mL of metha-
nol and carbon disulfide at 1.0 E was comparable to the 
content in 5 L of air at 298 K. Approximately, 1 mL of the 
test solution was added to each sampling agent specimen 
in a vial container at room temperature (approximately 
290–299 K). After 1 h, the solution sample was measured 
by gas chromatography using a microsyringe. In con-
trast, in the direct addition method, the organic solvent 
of interest comparable to the collection amount (0.01 E, 
0.025 E, 0.05 E, 0.075 E, 0.1 E, 0.5 E and 1.0 E) was added 
to a given amount of the sampling agent in the vial con-
tainer at the beginning. In some cases, the organic solvent 
component is added as a liquid solution in the extraction 
solvent because of its low volume. After cooling down in 
a refrigerator, approximately 1 mL of the extraction sol-
vent was added to the vial container, and the subsequent 
experimental procedure was similar to that of the phase 
equilibrium method.

Figure 1 shows the measured extraction efficiencies 
of the organic solvent components from the silica gel 

Table 1  Principal experimental conditions for measurement of extraction efficiency in this study

In the table, SG means silica gel and AC means activated carbon

Measuring method of extraction efficiency Direct addition method Phase equilibrium method

Used amount of adsorbent/mg 70/SG, 40/AC  Same as Direct addition method
Holding temperature in refrigerator/K 275 (average) –
Holding time in refrigerator/min ≥ 30 –
Extraction solvent Methanol/SG, Carbon disulfide/AC  Same as Direct addition method
Used amount of extraction solvent/mL 1  Same as Direct addtion method
Temperature of extraction/K Approx. 290–299 (room temperature)  Same as Direct addtion method
Extraction time/hour ≥ 1  Same as Direct addtion method
Oven temperature in gas chromatography/K 313–333 (at a constant temperature)  Same as Direct addtion method

Table 2  Principal material 
properties of the sampling 
agents used in this study. N 
number of data

Type Silica gel Coconut shell acti-
vated carbon

Petroleum-based 
activated carbon

Designation Sample D Sample F Sample G
Reference number, year 19, 2017 17, 2015 17, 2015
N2-BET specific surface area/m2  g−1 746 1077 1183
Configuration of granules Crushed Crushed Spherical
Average diameter of granules/mm (N = 20) 1.01 ± 0.03 0.9 ± 0.3 0.6 ± 0.0
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specimen determined by the direct addition and the 
phase equilibrium methods. The extraction efficiencies 
depend on the types of organic solvents used. In addi-
tion, the efficiencies are markedly unstable for objective 
organic solvent concentration ≤ 10 ppm. This instability 
was noticeable in the case of cyclohexanol and isopentyl 
alcohol. On the other hand, the efficiencies of 2-butanol 
show a gradual decrease with reduced concentration, and 
the efficiencies of 1-butanol show relative stability in the 
data. The deference in tendencies of the extraction effi-
ciencies for each alcohol seems to be connected with their 
molecular size and shape. In either case, the efficiencies 
in the figures show a specific tendency toward degrada-
tion in the low concentration region for all four types of 
alcohol.

As a whole, the results of the silica gel specimen indi-
cate that the phase equilibrium method has a tendency to 
show slightly higher values for measured extraction effi-
ciencies than the direct addition method for the four types 
of alcohol. However, the overall variation of the efficien-
cies with concentration of the objective organic solvents 
in both measuring methods is similar, and the slightly 
higher values indicated in the phase equilibrium method 

are attributed to its experimental procedure, particularly 
the one-time admixture of the sampling agent, organic 
solvent of interest comparable to the collection amount, 
and extraction solvent. That is, the slightly higher values 
recorded by the phase equilibrium method are pseudo-
observed data, and the direct addition method is prefer-
able for determining an accurate extraction efficiency, 
though it has a cumbersome experimental procedure. In 
the results, no concerning effects from volatilization of the 
organic solvent components and extraction solvents on 
the accuracy and repeatability were found in the direct 
addition method.

Figure 2 shows the extraction efficiencies of the organic 
solvent components from the coconut shell activated 
carbon specimen as determined by both the measuring 
methods. In the results, a similar instability of the extrac-
tion efficiencies was also confirmed in experiments using 
the silica gel specimen in the approximate region of con-
centration ≤ 10 ppm; however, taken as a whole, the dif-
ference between the values recorded by the two meas-
uring methods diminishes compared with the silica gel 
specimen case. In addition, the variation of efficiencies 
with concentration of the four types of alcohol in both 

Fig. 1  Extraction efficiencies of 
organic solvent components 
from the silica gel specimen (N 
≑ 3). E: The control concen-
tration of organic vapors of 
work environment standards 
established by the Industrial 
Safety and Health Act in Japan. 
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measuring methods is almost identical. Coconut shell 
activated carbon is well known as a hydrophobic agent, 
and silica gel has been recommended as a sampling agent 
of alcohols in work environment measurements due to its 
hydrophilic property and because most low-molecular-
weight alcohols are soluble in water. Of course, activated 
carbon is able to collect or adsorb rarefied alcohol vapors 
at less than a dozen ppm around room temperature [25, 
26]. The extraction efficiencies in Fig. 2 are liable to be fluc-
tuating with concentration of the four types of alcohol, 
and the noted effectiveness of the coconut shell activated 
carbon specimen was not seen, in contrast with the silica 
gel specimen. In the figures of this study, several data 
show extraction efficiencies > 1.00. These results seem to 
be attributable to effects from the measurement precision 
of gas chromatography system used in this study. A com-
plete resolution of the experimental error is difficult, and 
the data > 1.00 was deemed to be almost 1.00.

Figure 3 shows the extraction efficiencies of the organic 
solvent components from the petroleum-based activated 
carbon specimen determined by both measuring meth-
ods. The distributions of the extraction efficiencies by 
both measuring methods with the concentration of the 
four types of alcohol seem to be similar to the case of the 
coconut shell activated carbon specimen; however, the 
results are improved and comparatively more stable over 
a wide range of organic solvent concentrations than for 
the coconut shell activated carbon specimen. The results 
in this study correspond to features reported in previous 
reports [15–18, 22]. The difference in the values recorded 
by the two measuring methods also diminishes compared 
with the silica gel specimen. The activated carbon speci-
mens in this study were microporous materials [17]. In 
contrast, the silica gel specimen is a mesoporous material 
[19], and the difference in pore development and pore size 
distributions are expected to have an effect on the extrac-
tion efficiencies recorded by the two measuring methods. 

Fig. 2  Extraction efficiencies of 
organic solvent components 
from the coconut shell acti-
vated carbon specimen (N ≑ 3)
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That is, the pore development in the mesoporous region 
of the silica gel specimen seems to give rise to a notice-
able difference in the adsorption equilibrium of alcohols 
between the two measuring methods. On the other hand, 
the activated carbon specimens in this study do not have 
a significant pore development in the mesoporous region.

Compared with the silica gel specimen, the petroleum-
based activated carbon specimen shows better extraction 
efficiency of alcohols in the extremely low concentration 
region (below approximately 10 ppm) (Fig. 4). The results 
indicate that the high degree of affinity of the silica gel 
specimen for alcohols poses an impediment in the extrac-
tion. As a result, the petroleum-based activated carbon 
can be a more suitable sampling agent for measurement 
of alcohols in this region than silica gel. In addition to the 
type of objective organic solvent, its concentration is also 
a critical factor in choosing a suitable sampling agent for 
accurate work environment measurement. This is a subject 
for future investigation into work environment evaluation 
improvement.

4  Conclusions

In this study, we have investigated the effect of two rep-
resentative determination methods of the extraction 
efficiency: the direct addition and phase equilibrium 
methods, using activated carbon and silica gel adsorbent 
materials used in typical recent sampling tube products 
in Japan and four types of alcohol: 1-butanol, 2-butanol, 
cyclohexanol and isopentyl alcohol (3-methyl-1-bu-
tanol). The results in this study indicate that the phase 
equilibrium method has a tendency to show slightly 
higher values than the direct addition method for both 
types of adsorbent materials. In other words, the direct 
addition method is more preferable for the accurate 
determination of extraction efficiency of sampling 
agents, though it has a cumbersome experimental pro-
cedure. In addition, petroleum-based activated carbon 
can be a more efficient sampling agent of alcohols than 
silica gel adsorbents, particularly in the extremely low 
concentration region, below approximately 10 ppm.

Fig. 3  Extraction efficiencies of 
organic solvent components 
from the petroleum-based 
activated carbon specimen 
(N ≑ 3)
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