
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

A Gravimetry-Based Fine Particle Concentration
Measurement System for Humid Environment Using
Graphene Oxide Layer

Budianto, Arif
Physics Study Program, University of Mataram

Wirawan, Rahadi
Physics Study Program, University of Mataram

Ramadian Ridho Illahi
Physics Study Program, University of Mataram

Dian Wijaya Kurniawidi
Physics Study Program, University of Mataram

他

https://doi.org/10.5109/7151690

出版情報：Evergreen. 10 (3), pp.1414-1421, 2023-09. 九州大学グリーンテクノロジー研究教育セン
ター
バージョン：
権利関係：Creative Commons Attribution-NonCommercial 4.0 International



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 03, pp1414-1421, September 2023 

 
A Gravimetry-Based Fine Particle Concentration 

Measurement System for Humid Environment Using 
Graphene Oxide Layer 

 
Arif Budianto1*, Rahadi Wirawan1, Ramadian Ridho Illahi1, 

Dian Wijaya Kurniawidi1, Susi Rahayu1, A.A. Ngurah Nara Kusuma2, 
Alfina Taurida Alaydrus1 

1Physics Study Program, University of Mataram, Mataram, Indonesia 
2Biology Study Program, University of Mataram, Mataram, Indonesia 

 
*Author to whom correspondence should be addressed: 

E-mail: abudianto@unram.ac.id 
 

(Received January 21, 2023; Revised August 25, 2023; accepted August 30, 2023). 
 

Abstract: Recent studies have developed fine particle measurement systems using many methods. 
However, most of them are high-cost and unsuitable for harsh conditions. This study introduces a 
portable fine particle concentration system based on a gravimetry principle for air quality 
measurement in a highly humid environment. This study used a bare QCM (Q1) and graphene oxide-
coated QCM (Q2) as the fine particle sensors. All sensors were installed inside a sensor box and 
tested at two different humidity levels: 75% (normal humidity) and 95% (high humidity). The sensors 
were tested using fine particle emissions (diameter 0.01 - 2.5 µm) emitted from several combustion 
sources (three biomass samples). A handheld particle concentration measurement device was used 
as the comparator for the measurement system. The results show that the uncoated QCM has a lower 
frequency response than the GO-coated QCM. The bare QCM does not show significant accuracy 
and linearity. As expected, the coated QCM performs better than the uncoated QCM, where the peak 
accuracies of the coated QCM are 98% and 99% for normal and high humidities. The linearity and 
sensitivity levels of the coated QCM are 95-99% and 0.59 – 1.76 Hz m3 ug-1. These performances 
confirm the reliability and ability of the developed system using GO layer and QCM to be employed 
as a fine particle emission sensing device in a humid environment.  

 
Keywords: fine particle; gravimetry principle; graphene oxide; high humidity; quartz crystal 

microbalance 
 

1. Introduction  
Air pollution is related to emissions, a major green 

technology issue affecting everyone in many countries. 
Air pollution is also related to the emission sources, such 
as biomass burning1,2), industrial combustion process3), 
coal combustion4–6), and fuel combustion7–9). These 
emissions are divided into particulate and gaseous 
emissions. Each classification has a different structure and 
chemical compounds depending on the emission sources. 
Gaseous emission can be found in carbon dioxide10,11), 
nitrogen dioxide, carbon monoxide, and many others12). In 
terms of particulate emission or PM (particulate matter), 
it consists of solid particles and liquid droplets (both 
organic and inorganic compounds) suspended in the 
ambient air8,13,14). 

PM emissions can be classified into two different 
distributions: particle number and particle mass 
distributions. PM is classified again into ultrafine, fine, 

coarse, and total suspended particles according to the 
average diameter. The smallest PM is an ultrafine particle 
or nanoparticle (PM0.1; particles with aerodynamic 
diameter ≤ 0.1 µm)8,15). Fine particle or PM2.5 has an 
average diameter of < 2.5 µm16,17). Coarse particle (PM10) 
has a bigger diameter than ultrafine and fine particles, 
with an aerodynamic diameter ≤ 10 µm18).  

Exposure to PM in certain concentrations decreases the 
air quality index and health quality. PM has a high 
association with PM penetration inside the body system. 
They might penetrate alveoli and deposit to the alveolar 
surface area19). They follow the bloodstream and harm the 
lungs20), brains21), and erythrocytes22). 

PM concentration measurement is a mitigation system 
to monitor and decrease PM concentration. Many 
techniques are applied to measure PM concentration, such 
as a fast spectrometer (such as a scanning mobility particle 
sizer)23,24), a low-pressure impactor8), and a light scattering 
method25,26). A light scattering method has good 
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sensitivity and can detect a single particle using a laser 
beam and a photo-detector (in the unit of particle number). 
A previous study showed a fine particle measurement 
system using a virtual impactor and a surface acoustic 
wave (SAW), which has good repeatability and accuracy. 
This system performs well with a sensitivity of 7.446 
Hz/min per µg/m3 27). It can be determined that the 
existing methods or principles indeed have high sensitivity, 
fast response time, and high accuracy. However, they can 
be categorized as high-cost devices. Most cannot be used 
in harsh conditions, such as in a high-humidity 
environment (humidity >80%). There will be a serious 
problem in the sensing part regarding the high moisture 
content in the surrounding area. They also need specific 
terms, such as room condition (controlled room 
temperature, dust-free area, and indoor-used only) and 
trained operators.  

QCM (quartz crystal microbalance) is a crystal with an 
actuator-sensor characteristic. This crystal has a 
gravimetry principle with a fluctuating resonance 
frequency related to the deposited mass onto its electrode 
surface. A gravimetry principle shows that the deposited 
mass is linearly correlated with the frequency shift28). That 
is why many studies introduce the QCM performance in 
different treatments, such as a gas sensor28). QCM is a 
mass-sensitive sensor when it has a selective layer on its 
surface29).  

Graphene oxide (GO) is a derivative product of carbon. 
GO has large surface areas (hydrophilic surface area) and 
is reach of hydrophilic functional groups30–32). GO has 
good mechanical modulus that makes it suitable for QCM 
layer (a small probability of the swelling effect)33). In 
terms of QCM layer, GO has been applied as sensitive 
layers for gas detections34,35).  

Based on the introduction, a fine particle monitoring 
system should be useable in certain conditions. Though 
there has been a tremendous improvement in monitoring 
fine particle concentration, it is interesting to ask what is 
the stability and durability of the monitoring system in 
response to the temporal and different environmental 
conditions, especially the issues in an extreme 
environment with high humidity. Following the QCM 
characteristic and measurement needs, this study aims to 
develop a novel particulate concentration measurement 
system for a high-humidity environment using a QCM 
crystal as the sensor. For this purpose, this study used a 
GO layer as a sensitive thin film to bind fine particles as 
air pollution. GO was chosen due to its unique 
characteristics, such as being hydrophilic, easy to use as a 
coating material, large surface area, and many others. This 
research introduces a novel particulate measurement 
system, providing a low-cost method that performs well 
in harsh conditions. 
 

2. Materials and methods 
2.1  Developed system 

The measurement system was developed using QCM 
sensors (base frequency f0 = 4.998 MHz, electrode area A 
= 0.196 cm2): Q1 and Q2. Q1 sensor was not coated (silver 
electrodes, Ag). Q2 was coated using a graphene oxide 
(purity = 99%, single layer, volume = 0.05 ml, 
concentration = 2 mg/ml) layer with a spin coating method 
(rotation = 700 RPM). All sensors were connected to a 
suction pump ((flow-rate = 2 m/s) and a driver consisting 
of an oscillator and a frequency counter (Fig. 1). The 
oscillator was used to drive and trigger the QCMs. In 
contrast, the QCM’s frequency outputs were measured 
using the frequency counter. 

 

 
Fig. 1: The schematic of the developed system inside a 

measurement box. 
 

2.2  Fine particle generation 
This study used three emission sources (biomass 

samples) for fine particle generation: C1 (corn cob), C2 
(tobacco leaves), and C3 (rice husk). The samples were 
selected randomly to identify the measurement system's 
performance. Each sample was weighed to control the 
mass (m0) for the measurement repetition (n = 3 repeated 
measurements), then burnt inside a furnace to generate 
emission. The produced emission was pumped into an 
experimental chamber (via input probe) made from the 
acrylic board (V = 12,000 cm3) connected to a suction 
pump (flow-rate = 2 m/s) and filter paper (a Whatman 
filter paper, Grade = 5). The suction pump and filter paper 
were used to block bigger particles and only let particles 
with a diameter ≤2.5 µm (fine particle)36).  

This study used two conditions for each biomass 
sample: A (humidity = 75%, normal humidity) and B 
(humidity = 95%, high humidity) to identify the influence 
of humidity and the measurement result. The humidity 
inside the chamber was set and controlled using a 
humidifier device filled with pure water in different 
humidification durations: 20 s (A, low humidity) and 40s 
(B, high humidity). According to a preliminary 
experiment, these humidification durations were selected 
to obtain the selected humidity condition. 

 
2.3  Fine particle measurement 

The developed system and a comparator device 
(Hinaway, model CW-HAT200s) were used to measure 
fine particle concentrations inside the experimental 
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chamber before and after exposure via the outlet probe. 
The measurements were conducted for 300 s with a 
sampling time of 10 s. The measurement aimed to obtain 
the fine particle concentration from the device (Cc) and 
comparator (Cm) related to the system's performance 
calculation, including accuracy (A), linearity (r), 
sensitivity (S), and measurement range. This duration (300 
s) was selected according to the preliminary experiment 
since the measurement time >300 s has no fine particle 
concentration anymore. This treatment was conducted for 
A and B conditions using all samples (Fig. 2). 

 

 
Fig. 2: The schematic design of fine particle concentration 

measurement. 
 

2.4  Statistical analysis 
Based on the measured frequency shift (Δf, output of 

the frequency counter), the fine particle mass (Δm) is 
calculated using Eq. 1 (Sauerbrey’s equation). 

 

Δm = - 𝐴𝐴 �𝜌𝜌 𝜇𝜇
2 𝑓𝑓0

2  . Δf  (1) 

 
The constants of µ and ρ are shear modulus (2.947x1011 
g/cm.s2) and crystal density (2.684 g/cm3). The device 
concentration (Cc) was calculated using Eq. 225): 

 
Cc = Δ𝑚𝑚

𝑉𝑉
   (2) 

 
All results were interpreted as the mean value and 

standard deviation. A linear equation was used to 
approach the data trendline, while the performance data 
were shown by the regression coefficient (R2) and the 
linearity percentage (r). R2 > 0.90 was determined as 
significantly correlated. The data significance was 
analyzed also using a t-test37).  

The accuracy A was calculated by comparing the values 
from the measured and calculated data (ΔC) with the 
comparator values Cm. The sensitivity level (S) was 
determined by comparing the output frequency shift (Δf) 
with the series of fine particle concentrations from the 
comparator (Cm), Eq. 338). 

 
S = ∆𝑓𝑓

𝐶𝐶𝑚𝑚
   (3) 

 

3. Results and Discussion 
3.1  Measured fine particle 

This measurement was conducted to obtain the 
comparator value from a laboratory-calibrated device. The 
resulting data is determined as the measured concentration, 
Cm. According to the result under 300 s measurement time 
(t), the total fine particle concentration ranges from 2,398 
µg/m3 to 8,401 µg/m3 (Table 1). C1 from the corn cob 
sample has the highest concentration: 6,528 µg/m3 (A) 
and 8,401 µg/m3 (B).  

As seen in Table. 1, the second position belongs to the 
C2 sample, resulting in 2,706 µg/m3 (A) and 4,512 µg/m3 
(B). The difference between normal and high humidities 
is up to 1,800 µg/m3. These results are followed by the last 
sample, C3, in the 3rd position (determined as the cleanest 
source compared to other samples). 

According to the results, the calculated fine particle 
mass is up to 40 µg, which can be categorized as a 
microgram scale. These results confirm a significant 
difference in fine particle concentrations between low and 
high humidity levels measured by the comparator. Higher 
humidity has a higher fine particle concentration. 

The results show that the samples (biomass burning) 
emitted fine particles in different concentrations, where 
rice husk is the cleanest. As confirmed by a previous study 
concerning particulate matter's impact on health, each 
biomass has a different emission factor39). The emission 
factor influences the produces particulate matter. The 
previous study shows corn cob has higher emissions than 
tobacco leaves and rice husks22). 
 

Table 1. Fine particle concentrations from the comparator. 
Fine Particle Concentrations (µg/m3) 

Samples A B 

C1 6528 8401 

C2 2706 4512 

C3 2398 2721 

Fine Particle Mass (µg) 

C1 111 142 

C2 46 77 

C3 41 46 

 
3.2  Frequency responses 

The developed system was tested to identify the 
frequency response due to the fine particle exposure inside 
the exposure chamber (Fig. 3a-b). At the first peak on the 
normal humidity measurement (Fig. 3), a significant 
difference exists between Q1 and Q2. In the case of Q1 (a 
bare QCM sensor), the frequency shifts fluctuate. The 
highest frequency shifts of Q1 are 100 Hz, 85 Hz, and 60 
Hz, respectively, for C1, C2, and C3. Besides, in Q2, C1 
(determined as the dirtiest emission source in this study) 
has 310 – 330 Hz of frequency shift, while C2 has only 
105 – 130 Hz of frequency shift (the 2nd position). The 
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difference between them is more than 200 Hz indicating a 
better response from the C1 sample (since C1 has more fine 
particle concentrations). The increasing trendline can be 
seen in the next peaks, in which the frequency shift of the 
C1 sample on the last peak is 840 – 870 Hz. C3, the cleanest 
one, has the smallest frequency shift than C1 and C2. C3 
only has 40 – 110 Hz of frequency shift. According to 
these results, it can be seen that Q2 has a better frequency 
shift than Q1 in condition-A (normal humidity).  

In the high humidity measurement, Q1 has low 
responses, indicated by the maximum frequency shift of 
95 Hz (C1). C2 and C3 have the maximum frequency shifts 
of 90 Hz and 95 Hz. Q1 does not significantly differ in 
measuring C1, C2, and C3. In contrast, the frequency 
response due to the fine particle exposure is higher than in 
the low humidity measurement (Fig. 3b). C3 shows a 

frequency shift of 15 – 155 Hz. Compared to condition-A, 
condition B has more responses indicating a better sensing 
ability. A similar result is obtained at C2, which is higher 
(210 – 400 Hz) than the low humidity measurement. As 
expected, C1 has the highest response among all variations, 
resulting in 450 – 1,135 Hz of the frequency shift.  

Based on the fine particle mass in Table 1, the most 
mass is obtained at C1 in all humidity conditions. As 
expected, Q1 does not interpret a similar trendline with the 
humidity conditions since the frequency responses 
fluctuate. Meanwhile, Q2 shows better responses since the 
highest frequency shift is also obtained at the high 
humidity condition (B). These results follow Sauerbrey's 
equation, where more deposited mass on the QCM's 
surface generates a higher frequency response40).  

 

 
Fig. 3. Measured frequency for the low and high humidity measurements for both Q1 and Q2. 

 
3.3  Accuracy, linearity, and sensitivity levels 

Table 2 shows the calculated fine concentrations for 
normal and high humidity conditions.  

 
Table 2. The comparison of accuracy levels between the 

uncoated QCM (Q1) and GO-coated QCM (Q2). 

Samples 
Concentrations (µg/m3) A (%) 

Q1 Q2 Q1 Q2 

Normal Humidity (A)  

C1 994 6682 15 98 

C2 657 2609 24 96 

C3 459 819 19 34 

High Humidity (B)  

C1 808 8515 10 99 

C2 802 4311 18 96 

C3 1043 1421 38 52 

 
Table 2 shows that Q2 has low accuracy. The best 

accuracy is only 38% obtained at C3. In condition-A, the 
accuracy levels of Q1 are ranging from 15-24%. In 
condition B, the accuracy levels somehow decrease but 
also increase. The resulting data does not interpret a 
trendline. 

In contrast, Q2 sensors from C1 and C2 measurements 
have good accuracy levels for both normal (A) and high 
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humidities (B). The accuracy levels are >90%. The 
developed system works well in sensing or detecting fine 
particle concentrations in both normal and harsh 
conditions (humid environments). In contrast, C3 has a 
lesser accuracy, with values of <60% for both high and 
normal conditions. It might be related to the biomass 
sample characteristic of rice husk that needs further 
investigation and explanation. 

Figure 4 interprets the linearity test results for all 
humidity variations. The linearity data shows that all 
measurement results have R2 values of >0.95. It can be 
determined that the developed system has good linearity 
(95% to 99%) for sensing fine particles from biomass 
samples. No significant difference exists between high 
and normal humidity conditions (p = 0.82). In other words, 
in terms of linearity, the developed system works well in 
measuring fine particle concentration for both normal and 
high humidity levels.  

 

 
Fig. 4: Linearity levels. 

 
The sensitivity levels are interpreted in Table 3. 

Interestingly for Q2, the sensitivity levels of conditions A 
and B are statistically similar. The sensitivity levels are > 
1 Hz.m3/µg for C1 and C2. C3 is not quietly sensitive to use 
in normal and humid conditions. As expected, Q1 has the 
lowest sensitivity level. All sensitivity levels are < 1 
Hz.m3/µg. 

 
Table 3. Sensitivity levels of the developed system device. 

Sensitivity of Q1 (Hz.m3/µg) 

Samples A B 

C1 0.26 0.17 

C2 0.42 0.31 

C3 0.33 0.66 

Sensitivity of Q2 (Hz.m3/µg) 

Samples A B 

C1 1.76 1.74 

C2 1.66 1.64 

C3 0.59 0.90 

 

The resulting data show that the developed system 
using a QCM sensor has good linearity, sensitivity, and 
accuracy levels, especially for the corn cob and tobacco 
leaves samples. The results are related to the unique 
principle of a QCM sensor for gravimetric measurements. 
As interpreted in Table 1, all samples have specific fine 
particle masses that might interact and be deposited on the 
sensor. As confirmed by a previous study, QCM works by 
a gravimetry principle related to the frequency shift and 
mass loading effect41,42). QCM has a fundamental 
frequency of f0, while the frequency shift Δf is linear to the 
deposited mass on the crystal surface29). Generally, a 
QCM is a microbalance, where more deposited masses 
reflect more frequency shifts43). 

The developed system's ability and calculated 
performances are well related to the interaction between 
the deposited mass and QCM's surface. As supported by a 
previous study, QCM's performance is influenced by 
many factors, including the coating material applied to the 
surface area (A)43). A selective and sensitive coating 
material will have high physical or other bindings28,44). 
That is why this study used a graphene oxide-coated QCM. 
GO plays an important role in the humidity influence since 
it has a high specific surface area and good 
hydrophilicity45). As a hydrophilic material, GO is not a 
water-resist material, making it suitable for humidity 
sensing. 

The important role is the GO layer as the selective 
material. GO and several graphene-based sensitive layers 
have extremely high surface-to-volume ratios, with many 
atoms exposed to the surrounding environment46). 
Regarding hydrophilic and hydrophobic characteristics, 
GO sheets are highly soluble in water due to the existence 
of oxygen functional groups. GO also has a sp2 network 
that generates p-p interactions with the aromatic 
substances and conjugated polymers47). This interaction 
may cause a sensitive layer interaction for a humid 
molecule due to the adsorbed–desorbed masses of water 
molecule48). In a low humid condition, the GO layer-based 
QCM carboxyl groups have high adsorbed – desorbed 
water molecules on their external carbon surface. 
Interestingly, the internal stress of the GO layer is not 
affected in the low-humid condition46). Besides, the 
change of QCM energy related to the H-bonding (from 
water molecule) and C-OH possibly influences the crystal 
performance in a high-humidity environment. A previous 
study states that C-O groups from the GO layers (as the 
water molecules) enter the carbon interlayer and generate 
a large interlayer expansion of GO layers48). That is why, 
in a highly humid environment (as condition B in this 
study), the GO layer may have more internal stress 
regarding the GO expansion, making the sensor have a 
higher frequency shift than in lower humidity. In other 
words, it can be assumed that the QCM performances are 
indeed influenced by the adsorbed-desorbed water 
molecules and the GO expansion. The counted frequency 
shifts are observed until the crystal reaches the saturated 
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value due to the swelling effect. Compared to a bare 
sensor (Q1), GO in Q2 also has a good mechanical 
modulus which may cause a small probability of the 
swelling effect (the most problem found in a QCM 
application) due to the over-mass loading impact. In other 
words, GO can overcome false readings regarding the 
moisture content or over-deposited mass) that influences 
the QCM response33). 

A non-significant result is observed in the rice husk 
sample. This sample has the lowest accuracy for normal 
and high humidity conditions (34-52%). These results 
may correlate with rice husks' chemical compounds and 
physical characteristics. According to a previous study, 
rice husk has alkali metal content49). These components 
might block the QCM’s surface, generating coarse fiber 
and influencing the interaction between GO and particles.   

 
4. Conclusion 

The developed system works well in detecting fine 
particle concentration for both normal and high humidity 
levels indicated by good linearity level (>90%). The 
accuracy level is >90% for corn cob and tobacco leave 
measurements, with a> 1 Hz.m3/µg sensitivity. The 
system performs less in detecting fine particles from rice 
husk burning emission since the accuracy is <60% 
(sensitivity <1 Hz.m3/µg).  

This study may be useful as a preliminary study for 
developing an aerosol measurement system in a better 
performance, especially in a harsh environment. The 
developed system can be integrated with other sensitive 
layer for further investigations to obtain a better sensitivity. 
The developed system is easy to be developed with other 
thin films using a standard principle.  
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Nomenclature 

A Area (m2) 
Cc Calculated concentration (μg/m3) 
Cm Measured concentration (μg/m3) 
f0 Fundamental frequency (Hz) 
Δf Frequency shift (Hz) 
R2 Regression coefficient 
r Linearity (%) 
S Sensitivity (Hz m3/μg) 
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