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Evaluation of Short-Term CQO, Passive Sampler for Monitoring Atmospheric CO, Levels
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ABSTRACT

In this study, we investigated the applicability of a short-term carbon dioxide (CO,) passive sampler using turbidity
change in a solution containing barium hydroxide (Ba(OH),). The mass of CO, introduced into the Ba(OH), aqueous
solution was strongly correlated (r* = 0.9565) to the change in turbidity caused by its reaction with the solution.
The sampling rates calculated for 1 h and 24 h were 42.4+54 mL min ' and 2.3+0.3 mL min ', respectively. Both
unexposed (blank) and exposed samplers remained stable during the storage period of at least two weeks. The
detection limits of the passive sampler for CO, were 81.5 ppm for 1 h and 61.5 ppm for 24 h. Based on the results,
the passive sampler using the change of turbidity in the Ba(OH), aqueous solution appears to be a suitable tool
for measuring short-term atmospheric concentrations of COs..
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1. INTRODUCTION

According to the 5th assessment report of the Intergovernmen-
tal Panel on Climate Change (IPCC), global mean temperature
has increased by approximately 0.89°C over the past 112 years
(1901~2012). In the 20th century, the average rate of global
mean sea level rise has been approximately 1.7 mm yr . If the
current trend in the emission of greenhouse gases continues,
the increase in global mean temperature and rise in sea level
by the end of the 21st century (2081~2100) is likely to be 3.7
T and 63 cm, respectively (IPCC, 2013), under representative
concentration pathways (RCP) 8.5. CO, has a significant influ-
ence on climate change although its composition ratioin the
atmosphereis less than 1%. A high concentration of CO, in an
indoor environment could cause dyspnea and has other serious
impacts on human health (OECD/IEA, 2014). The long-term
trends in climate change caused by the acceleration of global
warming and the management of indoor air quality need to be
considered. Therefore, continuous monitoring of CO, concentra-
tions in indoor and outdoor air is important for the establishment
and management of counter measures for the improvement of

indoor and outdoor air quality in the future.

Studies have been conducted on the continuous variation of
CO, concentration in the atmosphere (James ez al., 1982; Kirk
et al., 1989; Aikawa et al., 1995; Reid and Steyn, 1997), and
the characteristic evaluation of CO, concentration in the city
(Idso et al., 2001; Idso et al., 2002; Gratani and Varone, 2005).
The measurement of CO, concentration in the atmosphere has
mainly been carried out using a continuous measurement device
(i.e., active and automatic sampler) such as a non-dispersive
infrared analyzer. This method has the advantage of permitting
in-situ determination of CO, concentrations with accuracy and
precision. However, a large number of analytical measurement
devices would need to be deployed to provide detailed spatial
and temporal data (George et al., 2007). Therefore, a cost and
time-effective approach for measuring atmospheric pollutants
needs to be considered.

The passive sampler, with high resolution, low cost, and
easy operability, can be used for the investigation of the spa-
tial distribution of air pollutant concentrations. Many passive
samplers have been developed recently for measuring various
air pollutants and are used to monitor ambient air, indoor air,
and the workplace atmosphere. Because they do not require a

power supply, and are relatively inexpensive, small, light, and
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noiseless, the passive sampler have some advantages compared
to a continuous measurement device. They are particularly
ideal for personal and indoor/outdoor monitoring. They have
frequently been used to monitor and evaluate the spatial dis-
tribution of air pollutants, because the passive sampler can
accurately and directly measure pollutants in the atmosphere.
In particular, compared with those of a continuous measure-
ment device, the passive sampler do not require pumps and
flow meters and costs are likely to be low (UNEP/WHO, 1994;
Gillett et al., 2000; Tsai and Hee, 2000; Kousa et al., 2001;
Rabaud et al., 2001; Stevenson et al., 2001; Carmichael et al.,
2003; Cruz et al., 2004; Harner et al., 2006, Kume et al.,
2008).

The absorption reaction of CO, in Ba(OH), aqueous solution
was used to quantify atmospheric CO, using a passive sampler.
After sampling, the changes in the amount of barium in the
absorption solution were analyzed using ICP-AES (Inductively
coupled plasma atomic emission spectroscopy) (Bertoni et al.,
2004). These passive sampling and analysis methods are in-
adequate to describe short-term variations in CO, concentration
because the sampling rates of these passive samplers are some-
what low (about 0.21 mL min ).

This study aimed to evaluate the passive sampler as a de-
vice for measuring short-term atmospheric CO, concentration
using the turbidity change in a Ba(OH), aqueous solution,
which was measured using a portable turbidometer. In addition,
we focused on estimating the applicability of the short-term
CO; passive sampler through simultaneous measurements using

an active sampling device as a reference technique.

2. EXPERIMENTAL

2.1 Passive Sampler and Chemicals

Atmospheric CO, was collected in a passive sampler con-
taining an absorption reagent. For preparing the Ba(OH),
aqueous solution as the absorption reagent, 3 mL of Ba(OH),
solution (0.3 N, Sigma-Aldrich, USA) was made up to 100
mL with the addition of pure water, which had been purified
using a ultrapure water system (resistivity > 18 MQcm). In
order to minimize the effect of CO, present in pure water, the

pure water was boiled at 100C and cooled to room tempera-
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ture. The turbidity of the absorption reagent produced was 1.2
+0.1 NTU (Nephelometry Turbidity Unit). As a shown in Fig.
1, the passive sampler consists of a Pyrex glass body (24 mm
&, 50 mm height), and a high-density polyethylene open-top
screw cap (24 mm &, 11 mm height) installed with a semi-
permeable membrane (12 mm & for 1-h sampling and 2 mm
& for 24-h sampling, Celgard-2500, Celgard LLC, USA), in
order to control the sampling rates. The semi-permeable mem-
brane has a porosity of 55%, a pore size of 0.209 ym x 0.054
um, and a thickness of 25 pm. All parts of the passive sampler
used for experiments, except the semi-permeable membrane,
were thoroughly cleaned with pure water, using an ultrasonic
cleaner bath (ultrasonic frequency 40 kHz, ultrasonic power
200 W, Seong Dong, Korea), and were then allowed to dry
at room temperature. After drying, the components were stored
in a clean environment to prevent the accumulation of dust or
other contaminants. The passive samplers were handled very
carefully before and after use as they are easily contaminated

in atmosphere containing CO,.

2.2 Measurement Principle and Analysis

As a shown in Eq. (1) and (2), atmospheric CO, is readily
dissolved in the Ba(OH), aqueous solution. An insoluble car-
bonate salt, (BaCOs), is then formed by the reaction of barium
ions (Ba>") and carbonate ions(COs*") in the aqueous solution.
Thus, the change in turbidity of the aqueous solution is caused
by the precipitation of carbonate salt. The concentration of
atmospheric CO, is calculated from the relationship between
the mass of the absorbed CO, and the turbidity measured

Semi-permeable membrane
(1-h sampling)

HDPE open-top screw cap

-

BOdy — -?

88z 072/

Ba(OH), aqueous solution \ \
Closed-cap  Screw cap

(24-h sampling)

Fig. 1. CO, passive sampler.
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before and after sampling. The change in turbidity is consistent
with the amount of absorbed CO,. This change is investigated
using nephelometry, a method for the measurement of scattered
light in turbid media, using a portable turbidometer (2100Q,
Hach, USA).

CO,+H,0 — 2H"+CO;~ (1)
CO 32 “+Ba’*—BaCO s(insoluble and precipitate salt) (2)

For assessing the accuracy of the CO, measurement data
obtained from the passive sampler, the reference method (active
device sampling method) in this study employed a nondispersive
infrared (NDIR) CO, analyzer (SLC, Korea) calibrated with
COy-in-N;, reference gases (3,007 ppm/N,, Air Korea, Korea).

3. RESULTS AND DISCUSSION

3.1 Calibration of the NDIR CO, Analyzer

The improvement of accuracy of the NDIR CO, analyzer
is significant in a comparative experiment with the passive
sampler. The calibration of the NDIR CO, analyzer was carried
out using CO,-in-N, reference gases. The CO, standard gas
was diluted stepwise with N, (99.999%) using 3 L polyethyl-
ene bags to achieve CO, concentrations ranging from 0 to
3,007 ppm. Each diluted sample was measured using the
NDIR CO; analyzer and all measurements were performed in
triplicate. Data were means of these experiments and relative
standard deviation (RSD) was be low 5%. The relationship
between the DC-Volt signals (max. = 5 V) of the NDIR CO,
analyzer and the concentrations of CO, standard gases is illu-
strated in Fig. 2 and can be expressed as [CO, concentration]
= 1,404 x [analyzer signal] — 583 ( = 0.9973). This equation
was used by the NDIR CO, analyzer to precisely calculate the

atmospheric CO, concentration.

3.2 Relationship between CO, Mass and Turbidity

In order to investigate the variation in turbidity caused by
the insoluble carbonate salt produced from the reaction of
CO; in the Ba(OH), aqueous solution, 2 L of diluted CO,

standard gas, with concentrations ranging from 0 to 3,007

3500

[CO, conc.] = 1,404 X [Signal] - 583
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Fig. 2. Relationship between the signal of the NDIR CO,
analyzer and the concentration of CO, standard
gas.

ppm, was directly pumped in to the Ba(OH), aqueous solution.
The relationship between the amount of CO, and turbidity is
illustrated in Fig. 3. Results of the regression analysis show
there is a strong correlation (* = 0.960) between them. The
relationship can be expressed as [CO, amount] = 29.47 x [tur-
bidity]. Thus, the concentration of atmospheric CO, could be
quantitatively evaluated by the measurement of the change in
turbidity in the Ba(OH), aqueous solution.

The linearity in the relationship between the variation of
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Fig. 3. Relationship between the change in turbidity and
the amount of CO..
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turbidity and the time-weighted average (TWA) concentration
is important for the accurate evaluation of atmospheric CO,
concentration, because atmospheric CO, introduced into the
passive sampler by molecular diffusion can result in the con-
tinuous precipitation of the insoluble salt, (BaCOs), in the Ba-
(OH), aqueous solution. The relationship between TWA con-
centration (where mean atmospheric CO, concentration = 404
ppm) and turbidity, when the sampling times are 1 h and 24
h, is illustrated in Fig. 4. When atmospheric CO, sampling using
passive samplers was carried out for 1 h, TWA concentration
was significantly correlated with turbidity (¥ = 0.9794).

Turbidity (NTU)

10 1 1 1 1 L 1 1
50 100 150 200 250 300 350 400 450

TWA (ppm x hr)
(a) Sampling time: 1h
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(b) Sampling time: 24 h

Fig. 4. Relationship between the change in turbidity and
time-weighted average concentration of CO,.
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However, in the case of 24-h sampling, the linearity between
the two variables appeared only at initial TWA concentration
(1,200 ppm x h), and the turbidity did not increase linearly
with increasing TWA concentration. The turbidity was prefe-
rentially formed at the gas-liquid interface and diffused into
the Ba(OH), aqueous solution during the absorption and reac-
tion of CO, in the solution. Therefore, it seems likely, that the
reaction rate decreases due to the reduction in the gas-liquid

interface.

3.3 Sampling Rate

The passive sampler collects the gaseous pollutant from the
atmosphere through molecular diffusion. Therefore, the flow rate
of air introduced into the passive sampler and the concentration
of the pollutant could not be calculated. The concentration of
pollutants, which are absorbed into a specific sorbent of the
passive sampler, is generally calculated using the sampling rate.
The sampling rate of the passive sampler can be calculated as

follows:

M. x10°

€0y

Sampling rate (SR) = —~———— 3
std

where SR is the sampling rate (mL min "), M, is the mass

of the CO, transported by diffusion (L), C,,, is the concentra-
tion of CO, (ppm), and ¢ is the sampling time (min). Passive
and active sampling (i.e., NDIR CO, analyzer) were performed
simultaneously in ambient air to estimate the sampling rate.
The exposure experiments, using three identical passive sam-
plers, were carried out for 1 h and 24 h.

The sampling rate (Eq. (3)), calculated from turbidity, CO,
concentration measured by a NDIR CO, analyzer, and sampling
time, is shown in Table 1. The calculated sampling rates for
1 h and 24 h were 42.4+5.4 mL min ' and 2.3+0.3 mL min '
with RSDs of 12.7% and 11.5%, respectively. Therefore, the
passive sampler with a high sampling rate would be suitable for

evaluating the short-term CO, concentration in the atmosphere.

3.4 Evaluation of Passive Sampler

To evaluate the accuracy of the passive sampler, measure-

ments using the NDIR CO, analyzer were taken under identical
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Table 1. Sampling rate calculated from turbidity, CO, concentration measured by a NDIR CO, analyzer, and sam-

pling time

1-h sampling

24-h sampling

A Turbidity (NTU) CO; (ppm) SR (mL min") Turbidity (NTU) CO; (ppm) SR (mL min ")
1 57.443.8 462.0 46.5 53.9+ 6.1 452.9 1.9
2 54.2+1.9 452.0 44.9 74.4424.6 465.9 2.5
3 63.1+4.7 4493 471 72.5£20.9 455.9 2.5
4 60.9£1.6 458.5 49.0 68.9+ 8.9 437.8 2.4
5 47.4+1.6 451.9 413 73.9£10.3 4429 2.4
6 62.34£3.6 454.9 49.6
7 63.5£2.7 446.7 50.7
8 47.9+2.9 470.9 35.7
9 41.74£0.6 460.1 33.9
10 51.9+1.8 462.1 42.0
11 54.5+1.8 464.2 44.0
12 52.1£2.5 448.1 42.8
13 43.7€1.2 448.1 354
14 50.5+1.2 455.0 39.6
15 48.1+1.2 456.0 37.1
16 49.0+1.9 442.6 383

Mean+S.D. 42.4+5.4 2.340.3

RSD (%) 12.7 115

conditions with 1 h sampling time in outdoor and indoor. A
comparison of the results of the CO, concentration measured
using the passive sampler and the NDIR CO, analyzer are
shown in Fig. 5. A good correlation was found between data
in the comparison experiments. This was represented by a
linear relation with determination coefficient (+*) and slope of
0.9471 and 0.964, respectively. At each concentration, the
RSDs were 3.5+2.2% (ranging from 0.1 to 7.2%) and were
better than the Occupational Safety and Health acceptability
criteria of +25% accuracy (Cassinelli et al., 1987).

In order to study the effect of the storage period on the
stability of the passive sampler, five sets of exposed and un-
exposed (blank sample) passive samplers were prepared at the
same time and were stored individually under identical condi-
tions (sealed black bags kept at 4C) for the duration of the

experiments. Each set comprised three samplers. The first set
of samplers was analyzed immediately after sampling and the
remaining four sets of samplers were analyzed after 1, 3, 7,
and 14 days. The evaluation of the stability of the passive
samplers was performed using statistical tools, such as the
analysis of variance (ANOVA) of the linear regression, and the
testing of the slope and intercept (Student's #-test). As shown
in Eq. (4), if the value calculated from the Student’s #-factor
and sb, is greater than or equal to |b;| and p-value is greater
than 0.05 at the 5% significance level, it is believed that the
sample would be stable during the storage period (ISO Guide
35, 20006).

byl < t— factorgsy o) X sby 4

http: //www.ekscc.re.kr
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Fig. 5. Comparison of results of the CO;, concentration
measured by the passive samplers and the NDIR
CO; analyzer. In set: the box plot compares the
distribution of CO, concentration measured by
the passive sampler or analyzer.

where b, is the slope of straight line, #factor is the Student’s
t-factor, sb, is the uncertainty of a slope of straight line, and
n is the number of sample.

The turbidities measured from the unexposed blank and ex-
posed samples increased from 1.2+0.1 to 15.0+£3.1 NTU and
from 103.3+4.2 to 1134£3.5 NTU, respectively, for the 14-day
periods. The results of the regression analysis are shown in
Table 2. The p-values calculated for unexposed and exposed
samples were 0.15 to 0.18 and 0.71 to 0.78, respectively, and
were greater than 0.1. The [b,| values obtained from #-factor
and sb, were also greater than 0.05 at the 5% significance

level. Thus, turbidity was observed to be very stable when the

passive sampler was stored under cool conditions.

As shown in Eq. (5) and (6), the detection limit was calcu-
lated from the relationship between turbidity and concentration
of CO, standard gas.

_ {E(K)bs Y;st)z];
Syx = (n—k) )
3XSyy
A4 (©)

where Syy is the standard error for the detection limit of the

passive sampler, Y,

.is the measured turbidity, Y., is the tur-
bidity obtained from the regression analysis, » is the number
of sample, & is 2 (a case of linear regression), A is the analysis
sensitivity (i.e., regression slope), and LD is the detection limit.

The results estimated for the passive sampler are shown in
Table 3. The detection limit of the passive sampler was 373.2
L. The detection limits calculated with the 1-h and 24-h
sampling rates were 81.5 ppm and 61.5 ppm, respectively, in-
cluding the blank, for 1-h and 24-h sampling period. Effective
sampling with the passive sampler would consider the optimal
operating range as a function of the CO, concentration and the
exposure time, considering the estimated blank and detection
limit. These results show that this passive sampler would be

a good tool for short-term monitoring of atmospheric COs.

4. CONCLUSIONS

A variety of passive samplers have been developed and used

Table 2. Results of evaluation of the stability as a function of storage period (14-days) for the unexposed (blank)

and exposed sample

Unexposed blank sample

Exposed sample

Analysis of data Parameters

Ist 2nd 3rd Ist 2nd 3rd

Intercept (by) —0.99 —0.64 —0.90 109.98 —18.27 42.00

Slope (b;) 0.66 0.67 0.50 0.08 0.22 —0.36

Linear regression

s (b)) 0.34 0.39 0.26 0.27 0.68 0.88

t-factorxs (b)) 0.80 0.92 0.62 0.66 1.61 2.07

ANOVA regression p-value 0.15 0.18 0.15 0.78 0.76 0.71

Journal of Climate Change Research 2016, Vol. 7, No. 1
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Table 3. Calculation of detection limit

CO, standard

aas (i) Yobs Yoo —2(Y,,—Y.,)° n
600 32.8 29.4 63.4 3
1,000 433 46.3 38.8 3
1,600 70.0 71.6 7.6 3
2,000 87.3 88.5 223.6 3
2,400 107.8 105.4 24.9 3

Sum 358.3 15

Sy 5.25
A 0.0422
LD (uL) 373.2

extensively for measuring air pollutants. The fundamental cha-
racteristics of the passive sampler are being studied, which
could lead to the use of the passive sampler in many moni-
toring applications. This study evaluated the applicability of
the passive sampler in the short-term monitoring of atmospheric
CO,. The short-term CO, passive sampler evaluated in this
study appeared to be a good tool for determining atmospheric
CO; levels, and its analytical procedures are simple and quick.
The determination of atmospheric CO, levels using the passive
sampler can lead to substantial improvement in atmospheric
quality management. Further research is necessary to study the
sampling rate under real environmental conditions, such as
varying wind speeds and air temperatures, and linearity in the

relationship between the sampling time and CO, concentrations.
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