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ABSTRACT: Gaseous emissions and particulate matter in different aerodynamic diameters can be derived 
from many sources, such as volcanic activities. According to previous studies, gaseous emissions, such as 
sulfur dioxide, carbon monoxide, and carbon dioxide,  may affect human health. Furthermore, there is a 
significant correlation between exposure to gaseous emissions and cell deformation, indicating the organ 
system's abnormalities. Therefore, there is a need to mitigate and identify volcanic gaseous emissions as an 
identification system. Thus, this study conducted an in situ volcanic gaseous emissions concentration 
measurement system collected directly from areas near the plume of Welirang volcano, Malang, East Java 
Province, Indonesia (7o43'59" S 112o34'29" E). The measurement system consisted of several gases and 
particulate matter sensors. The measurements were conducted on ten areas surrounding the Welirang 
volcano's plume to identify the highest volcanic emission dispersion. The emission concentrations were 
measured for five minutes every 30 seconds as the interval time. The results show that emission consisted of 
several gases and particulate matters in different concentrations, such as carbon monoxide, carbon dioxide, 
methane, and toluene. In addition, the concentrations were influenced by the distance of the measurement 
sites to the plume. Therefore, the system works well with a response time of fewer than two seconds and the 
sensitivity of 0.56 Volt/ppm and 0.63 Volt/ppm, respectively, for methane and toluene. The range of the 
system measurement is 0-100 ppm (carbon monoxide), 400-1,000 ppm (carbon dioxide), 0-100 ppm 
(methane), and 0-100 ppm (toluene).   
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1. INTRODUCTION 
 

Volcanic activities are natural sources of air 
pollutant emissions in the form of gaseous and 
particulate emissions. They may release gaseous 
emissions consisting of carbon monoxide (CO), 
carbon dioxide (CO2), methane (CH4), sulfur 
dioxide (SO2), mercury (Hg), and hydrogen sulfide 
(H2S). Metals, including As (arsenic), Pb (lead), 
Sb (antimony), Se (selenium), and Tl (thallium), 
can also be found in the mixture substances [1, 2]. 
This activity also generates volcanogenic 
particulate matter that varies in composition, shape, 
and size. Both internal and external factors 
influence the composition's variety. The internal 
factor is related to the magmatic activity, while the 
external one is associated with the deposited dust 
in the magma pathway's surface [3]. Both 
volcanogenic gaseous and particulate emissions 
are formed from crustal rocks, fluid, and magma 
originating from the earth's mantle.  

Carbon monoxide is considered an indirect 
greenhouse gas and contributes to the chemical 
reaction that produces other greenhouse gases, 

such as carbon dioxide and methane. Both are the 
two most important greenhouse gases, resulting in 
the acceleration of the global warming process [4, 
5]. However, besides global warming, volcanism 
can cause the exact opposite of it. Volcanism has a 
cooling effect when there is a major eruption. The 
particles of the materials from the eruption float to 
the earth's atmosphere and block the solar radiation. 
This case happened in 1815 when Mt. Tambora 
(Indonesia) massively erupted, which caused 
prolonged winter that led to famine [6]. 

Besides impacting the environment, volcanic 
emissions can also bring adverse impacts on 
humans. The impact of particulate emissions for 
humans ranges from respiratory to cardiovascular 
disease, cognitive decline, and stroke [3, 7]. These 
adverse impacts are then classified based on their 
diameter, determining their deposition efficiency 
in the human body. Large particles (> 2.5 μm in 
diameter, as known as coarse particles) are 
deposited in the trachea, bronchi, and bronchioles. 
At the same time, small particles (<2.5 μm in 
diameter, as known as fine particles) are deposited 
in the lung area that can penetrate deeper into the 
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respiratory system to the blood circulation and the 
heart and kidneys [8]. The deposited particulate 
matter in the respiratory tract will directly impact 
the inhalation capacity of the lungs and may cause 
many negative cell deformations [9, 10]. In 
contrast, it can induce changes in skin morphology 
and oxidative stress that lead to inflammatory 
cytokines on the skin. The greater the surface area 
of a particulate matter that enters the body causes a 
higher ability to produce oxidative stress. 
Moreover, research in the Azores area (Portugal) 
found a severe increase in chronic bronchitis from 
volcanic emissions. Furthermore, volcanic 
emissions exposure can lead to cancers of the 
mouth and larynx [11].  

Air quality measurement systems consisting of 
gas and PM are always in constant development to 
produce the nearest value to the actual value, 
especially volcanic emission measurement systems. 
Previous research has developed a portable DOAS 
(Differential Optical Absorption Spectroscopy) 
system for scanning SO2 (sulphur dioxide) 
concentrations. This instrument measures the solar 
radiation that reaches the CCD (Charge-Coupled 
Device) detector to generate a spectral signal from 
the spectrometer then uses the DOAS algorithm 
[12, 13]. Using satellites or atmospheric chemistry 
experience (ACE), gas measurement has a similar 
principle to DOAS using solar radiation. It is done 
by measuring the composition of pollutants in the 
atmosphere, one of which is volcanic emissions 
using the solar occultation method. An occultation 
occurs when another object covers an object as it 
passes through between the observed object and 
the observer. Measurements are taken when the 
sun rises and sets. The center of solar radiation will 
be tracked, and the decrease in light intensity (I) is 
measured using a near-sight infrared 
spectrophotometer [14]. PM and gas measurement 
systems can also be carried out using a satellite-
based sensor system. The sensors are mounted on 
the satellite to measure various pollutant gases. 
Near real-time air pollutant measurement can 
detect PM (particulate matter), CO, SO2, NH4 
(ammonium), CO2, and others. Sensors such as the 
Cloud-Aerosol Lidar with Orthogonal Polarization 
(CALIPSO) provide 3D information regarding air 
pollution [15, 16]. 

 
2. RESEARCH SIGNIFICANCE 

 
This study designed a measurement system for 

volcanic emissions. This research combined many 
sensors to examine some gaseous emissions, such 
as toluene, carbon dioxide, methane, and carbon 
monoxide. This system becomes an alternative 
method to mitigate volcanic emission impact.  
Besides impacting the environment, these 
emissions can bring adverse impacts on humans. 

3. MATERIALS AND METHODS 
 

3.1 System Circuit 
 
The minimum system circuit had a step-down 

switching regulator integrated circuit (IC) LM2596. 
This circuit converted the DC (direct current) input 
voltage (12 V) to 5 V output voltage (Vcc) up to 3A 
(maximum current, maximum voltage input = 3 to 
40 Volt, maximum voltage output = 35 Volt) of 
continuous current I. The input voltage was used to 
power up the microcontroller board, suction pump, 
and cooling fan. The output voltage was connected 
to the sensor's Vcc (common voltage collector) and 
G (ground) pins.  This circuit was added with a 
safety switch to cut off the current (Fig.1). The 
study used an Arduino UNO microcontroller board 
(ATMEGA 328P type) and four different sensors 
for sensing and signal processing purposes. In 
contrast, a Sensirion SHT-31D (I2C – Inter-
Integrated Circuit - pins were connected to SDA 
and SCL pins of the microcontroller) was used to 
monitor the temperature (T) and relative humidity 
(RH). SHT-31D was a factory-calibrated sensor, so 
it did not need to be calibrated anymore.  

The toluene (C7H8) concentration was detected 
using an analog Figaro TGS2600 (connected to the 
analog pin A0 of the microcontroller). In addition, 
a metal oxide CCS811 sensor was installed on the 
system to measure equivalent carbon dioxide 
(eCO2) (equivalent carbon dioxide) concentrations 
(connected to SDA (serial data) and SCL (serial 
clock) pins of the microcontroller). This sensor had 
digital and calibrated outputs that could be used 
directly for data processing without any signal 
conversion technique. 

 

 
 

Fig.1 The schematic diagram of the system 
Another analog sensor, the MQ-9 sensor, was 
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connected to the A1 pin of the microcontroller to 
measure methane gas (CH4) and carbon monoxide 
(CO) gas concentrations. The measured 
concentrations were displayed on a 20 x 4 I2C 
LCD (liquid crystal display). This display had four 
bars and twenty columns to display all characters 
obtained from the measurement processes. 

 
2.2 System Calibration and Measurement 

 
The system was calibrated using a TSI Q-Trak 

model 7575x (CO, eCO2, T, and RH) and a 
TVOCs meter (Total of Volatile Organic 
Compounds) inside an experimental chamber with 
a volume of 12,000 cm3 (20 cm (height) x 20 cm 
(width) x 30 cm (length)).  

Q-Trak, an indoor air quality monitor (TSI, 
model 7575), provided accurate and quick CO2 and 
CO gaseous emissions concentrations. This device 
also displayed other parameters, such as 
temperature and relative humidity. Besides, the 
TVOCs meter measured total HCHO 
(formaldehyde) and volatile organic compounds. 

This procedure was repeated three times (n = 3) 
for an hour. At the same time, the resulting 
resistance (Rs) and voltage output signals (V) were 
compared to the provided datasheet and the 
comparator devices (Fig.2). 

 

 
 

Fig.2 The procedure of the system calibration 
inside an experimental chamber 

 
The resulted values were analyzed to obtain the 

sensitivity (S), the response time (tr), and the range 
(r) [17]. Response time was calculated by 
repeating the measurement in eight sampling 
points. The difference duration (Δt) between the 
initial time (t0) and the processing time of the 
microcontroller (te) was considered as the response 

time [17]. Sensitivity was obtained from the 
system output values, Cn, whose concentrations 
were increased stepwise from C0 to Cmax related to 
the datasheet (S), representing the effect of offset 
parameter (Eq. 1) [18]: 

 
S = ∆𝑉𝑉

∆𝐶𝐶
 (1) 

 
2.3 Sampling Sites 

 
This research was conducted at the Welirang 

volcano's plume areas, Malang, East Java, 
Indonesia (7o43'58" S 112o34'29" E, elongation = 
3,070 m a.s.l.). The measurement areas were 
divided into 12 sampling sites (A1 to A12 sites) to 
identify the dispersion of the volcanic emissions 
(Fig.3). These site variations were varied based on 
the plume's distance (s) from the measurement 
areas [1, 12]. These sites are located 4 to 5 km 
away from the plume (measurement radius) with 
an elongation of 1,542 to 1,730 m a. s. l. (above 
the sea level) (Table 1).  

 
Table 1 Sampling sites at the Welirang volcano 

areas with different radius and elongation 
(n = 12) 

 

Site Radius (m) Elongation  
(m a. s. l.) 

A1 5,090 1,690 
A2 4,310 1,730 
A3 4,440 1,624 
A4 4,230 1,590 
A5 5,200 1,542 
A6 4,190 1,590 
A7 3,830 1,653 
A8 3,770 1,650 
A9 3,710 1,660 

A10 5,330 1,600 
A11 4,640 1,640 
A12 5,630 1,727 
 

2.1 Statistical Analysis 
 
All data were written as the mean values ± 

standard error of the mean (SEM). A linear 
function regression was used to identify the 
measurement system performance to the filtered 
ambient air, including sensitivity, response time, 
and accuracy. At the end, R2 (regression 
coefficients) > 0.75 was considered statistically 
significant [19]. The emission dispersion 
parameter was approximated using a correlation 
between measurement radius and the measured 
concentrations (interpreted as the dispersion graph).  
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Fig.3 The sampling sites (red dots) in the Welirang volcano areas. The red circle in the downside figure 
shows the Malang city position 

 
4. RESULTS AND DISCUSSION 
 
3.1 Carbon Monoxide (CO) and Carbon 

Dioxide (CO2) 
 

The measured CO and CO2 concentrations are 
presented in Fig.4. There is no significant 
difference between CO concentrations from A1 to 
A12 (p < 0.05). The concentrations are in the range 
of 2 to 3 ppm. In contrast, there is a fluctuation in 
CO2 concentrations related to the distance from the 
plume (the concentrations are 400.4 to 401.4 ppm). 

A nonconstant wind speed may influence the 
fluctuation, where the wind direction and speed 
have changed compared to the initial sampling 
time. Other parameters, such as temperature and 
relative humidity, might influence these results. 

The inactive status of the plume may influence 
these insignificant differences. CO2 shall be found 
as the volcanic activity output as major gas species 
[20-21], even in a volcanic lake as the diffuse CO2 
[22]. Edwards et al. [1] reviewed that this gas's 
existence may serve as more tracer gas for other 
emissions, such as Hg. 
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This gas also indicates the possibility of the 
geothermal prospect and other volcanic parameters 
[23]. Considering that there was no significant 
volcanic activity during the measurement time, it is 
possible to determine that the influencing factor of 

these gases is the distance (x). The secondary data 
support the resulted measurement values. 
According to the secondary data obtained from the 
meteorology station, there is no significant 
difference in the wind speed (2-13 knots). 

  

 
 

 
 

Fig.4 Measured CO2 and CO concentrations from different measurement radius 
 

3.2 Toluene (C7H8) 
 

Toluene concentrations are in the range of 1 
ppm to 6 ppm. These results show that volcanic 
activity may generate VOCs or volatile organic 
compounds, such as toluene or C7H8 (Fig.5). The 
developed system works well in measuring this gas, 
with a sensitivity of 0.63 Volt/ppm (0 to 100 ppm 
of the system range). The system needs <2 s to 
detect the toluene gas, as defined as the response 
time. As stated in a previous study, many organic 

compounds from volcanic gases (more than 200 
types) [26].  

They are indeed derived from abiogenic gas-
phase radical reactions, specifically at a high 
temperature [26]. However, there is limited 
information about the volatile compounds related 
to volcanic activity. As reported in a previous 
study, only bromine (either in volatile forms of 
condensed gas) was identified as the volatile 
compound emissions associated with the complex 
eruption in Puyehue-Cordon Caulle,  2011 [27]. 
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Fig.5 Measured C7H8 concentrations from different measurement radius 
 
3.3 Methane (CH4) 
 

Methane gas (CH4) concentrations are 
interpreted in Fig.6-7. The results show that the 
volcanic emission measurement has a range value 

of 0 ppm to 4 ppm, with a sensitivity of 0.56 
Volt/ppm. These results show that the system 
works well in sensing low levels of methane gas 
from volcanic activity emissions with a fair 
sensitivity (S) level result (R2 = 0.99).

 

 
 

Fig.6 Measured CH4 concentrations from different measurement radius 
 

 
 

Fig.7 Measured CH4 concentrations from different measurement radius in a 3D interpretation 
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5. CONCLUSION 
 

According to the results, it can be concluded 
that the system works well in measuring volcanic 
gas emissions. The system can measure methane, 
toluene, carbon monoxide, and carbon dioxide 
gasses in 0 to 100 ppm.  The developed system 
needs a response time of fewer than two seconds 
and a sensitivity of 0.56 Volt/ppm and 0.63 
Volt/ppm, respectively, for methane and toluene. 
The resulted data are influenced by the distance of 
the measurement sites to the plume. 
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