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Abstract 

 The primary quality of food is often associated with its physical attributes, particularly aroma. Key volatile 

compounds play a critical role in determining food quality. Coffee as a high-potential commodity in Indonesia and in the 

world strongly depends on their aroma as a signature for its quality. Several methods have been performed to determine 

the quality of coffee like cupping methods and chromatography-based technologies. But it depends on the coffee-experts 

who cannot be replicated by other people because of their subjectivity and still need complex sample processing and 

lengthy time-analysis. QCM sensor paves the way to solve this problem. By modification of its surface with 

nanomaterials, QCM sensing performance significantly can be elevated. This study aimed to detect the aroma of roasted 

coffee using a QCM-based electronic nose sensor. The QCM sensor was coated with aroma-sensitive materials to improve 

its sensing capabilities, specifically PMMA and PMMA-rGO composites. Both PMMA and PMMA-rGO were 

synthesized via an in situ polymerization method utilizing a binary solvent system in optimized proportions. The surface 

roughness of the QCM sensor was slightly higher when coated with PMMA-rGO (Sa = 493.68 ± 74.23 nm) compared to 

PMMA (Sa = 446.02 ± 26.19 nm) alone. The incorporation of rGO significantly enhanced the sensitivity of the QCM 

sensor towards the roasted coffee aroma. Based on the Sauerbrey calculation, the value of ∆f for PMMA is –66.05 ± 28.77 

Hz while for PMMA-rGO is –74.28 ± 36.40 Hz. These findings suggest that PMMA-rGO composites hold considerable 

promise as effective sensing materials for improving QCM sensor performance.  
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Introduction 

 Coffee is one of the popular beverages in the world 

as well as Indonesia. It has signature aroma that 

contributes to their taste and flavor [1-5]. In order to 

assess the quality of coffee or coffee-based products 

according to their specific aroma, some technologies 

have been provided, such as colorimetry [6], 

chromatography-based like LC-MS [7,8] and GC-MS-

O [9], and NMR [10-13]. But those advanced 

technology have several drawback like need sample pre-

treatment, expensive, and highly-skilled operator 

requirements. 

Sensor-based technology has been used to detect 

coffee aroma. Metal oxide semiconductors sensor 

(MOS) have been used by [14] to differentiate arabica 

coffee and robusta coffee in the mixture by using 

support vector machines (SVMs). Other study 

conducted by [15] developed an electronic nose (e-nose) 
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tandem with GC-MS and developing the learning model 

and furthermore extracting the information about coffee 

aroma the by using machine learning like PCA, ANN, 

and SVMs. Besides their significant performance, the 

MOS can be operated only in the high-temperature and 

not specific.  

Electronic nose based on quartz crystal 

microbalance (QCM) sensors offer advantages such as 

low cost, high sensitivity and selectivity, and the ability 

to operate at room temperature [16]. The performance of 

QCM sensors can be further enhanced using 

nanomaterials as sensitive layers. Composite is a 

combination of 2 or more materials with different 

properties that can be worked synergize. It can be 

polymer-polymer [17,18], polymer-graphene [19], 

polymer-metal [20], polymer-graphene-metal [21], etc.  

Poly (methyl methacrylate) (PMMA) is a polymer 

frequently used in sensor technology and biomedical 

applications, due to its glassy and non-conductive 

properties [15]. Besides that, PMMA was known 

because of its chemical stability, ease of film formation, 

and compatibility with a variety of analytes, particularly 

volatile organic compounds (VOCs) relevant to 

environmental and food quality monitoring. PMMA is 

one of kind glassy polymer, low-cost polymer, 

lightweight, strong, and non-conductive [22]. PMMA-

based QCM sensor have been used for several purposes, 

such as hydrocarbon detection [23], acetone as 

biomarker of diabetes mellitus [24], ammonia [25], and 

humidity [26]. Reduced graphene oxide (rGO) is a 2D 

carbon-based material with high conductivity, low 

weight, and rapid electron transfer [22,27]. The 

combination of PMMA and rGO as a composite material 

has been used in several applications, such as real-time 

gamma radiation detection [28], and ammonia detection 

[25,27].  

Several studies have been conducted by using 

surface-modified QCM sensors to detect food aromas, 

such as linalool in black tea [29], ocimene aroma in 

mango by Ghatak et al. [30], 𝛼-terpinyl acetate in 

cardamon [31], plants volatile organic compounds [32], 

and d-limonene from citrus infestation by invasive pest 

[33]. The combination of PMMA and rGO as a 

composite material can improve the performance of 

QCM sensors in detecting specific analytes, such as 

food aroma. So far, the application of PMMA-rGO 

coated QCM sensor for coffee aroma detection is rare. 

Based on the literature review above, our study 

aimed to synthesize PMMA and PMMA-rGO 

composites and their application as sensitive layers on 

the surface of QCM sensors to detect roasted coffee 

aromas. The materials were synthesized by using 

modified in situ polymerization in the presence of a 

green binary solvent. The robusta coffee was chosen for 

this experiment, and we used 220℃ as a roasting 

temperature.  

 

Materials and methods 

Materials 

All chemicals utilized in this study were high 

purity and used as received. The amine-functionalized 

reduced-graphene oxide (rGO-NH2, 99.9%), 

azoisobutyronitrile (AIBN), 99.9%), and methyl 

methacrylate (MMA, 99.9%) were procured from 

Sigma-Aldrich. Acetone (99%), methanol (99%), and 

ethanol (99%) were provided by Merck. The synthesis 

procedure was performed in the presence of 

demineralized water.  The 11 MHz AT-Cut QCM sensor 

with a dual Ag electrode was acquired from PT Great 

Microtama, Surabaya. 

 

The synthesis of polymethyl methacrylate 

(PMMA) 

Poly (methyl methacrylate) (PMMA) was 

synthesized by using one-pot in situ polymerization 

from Mallik et al. [22] and Saeed et al. [34] with minor 

modifications. The 5 mL MMA was mixed with 25 mg 

AIBN in 1 mL acetone. The green solvent in this 

synthesis process consisted of ethanol-water, a binary 

cosolvent system built with a proportion of 1:4 (%v/v). 

The reaction mixture was maintained at 65 C under 

constant stirring for 2 h. The color of the solution 

changed from colorless to white, indicating the 

formation of PMMA. Subsequently, the PMMA solid 

was washed several times with methanol and hot water. 

Finally, PMMA was dried at 50 C for 24 h.  

 

The synthesis of composite polymethyl 

methacrylate-reduced graphene oxide (PMMA-

rGO)  

The synthesis of the PMMA-rGO composite was 

carried out using a modified polymerization approach 

based on established PMMA preparation methods [22] 
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and [34], with the incorporation of reduced graphene 

oxide (rGO). Initially, 5 mL of methyl methacrylate 

(MMA) was combined with 25 mg of 

azobisisobutyronitrile (AIBN) in 1 mL of acetone to 

facilitate dissolution. A green cosolvent system 

consisting of ethanol and water in a 1:4 (% v/v) ratio was 

used as the reaction medium. The polymerization was 

conducted at 65°C under continuous stirring for 2 hours, 

during which the solution gradually changed from 

colorless to white, indicating the successful formation of 

PMMA. Once the polymerization had progressed to this 

stage, 30 mg of rGO was separately dispersed in 1 mL 

of acetone, subjected to sonication for 10 minutes to 

ensure proper dispersion, and subsequently introduced 

into the PMMA solution. The reaction was allowed to 

proceed for an additional 2 hours to facilitate uniform 

incorporation of rGO within the polymer matrix. The 

resulting solid product was repeatedly washed with 

methanol and hot water to remove any residual 

impurities. Finally, the PMMA-rGO composite was 

dried at 50°C for 24 hours to obtain the final material. 

 

Material deposition method  

[PMMA and PMMA-rGO coatings were applied 

to the QCM sensor using a spin-coating process. Firstly, 

1 mg of each material was dissolved in 1 mL of acetone 

to prepare a 1% solution. Then, 50 µL of the solution 

was dropped onto the sensor surface and spin-coated at 

3,000 rpm for 60 seconds. The coating was applied to 

both sides of the sensor. After deposition, the sensors 

were heated at 100°C for 60 minutes to improve 

adhesion. 

 

Characterization  

For the surface characteristics, we used an 

attenuated total reflectance-Fourier transform infrared 

(ATR-FTIR) instrument to analyze the positions of 

several functional groups on PMMA and PMMA-rGO. 

The surface roughness was measured using a non-

contact topography measurement system (TMS) of 

1,200 μ. Lab from Polytec GmbH, and the morphology 

of materials was determined using field emission 

scanning electron microscopy (FESEM) Quanta FEG 

650. For the measurement of the initial and post-

deposition impedance curve of the QCM sensor, we 

used an impedance analyzer Bode 100 from Omicron 

Lab. This measurement was done to check whether the 

coated QCM sensor still has a good working condition 

by means that the coating load to the sensor is negligible. 

 

The sensing operation set-up 

The QCM sensors coated with PMMA and 

PMMA-rGO were mounted on a sample holder and 

placed inside a sealed chamber (Figure 1). A total of 150 

grams of Robusta green coffee was loaded into a 

custom-built lab-scale electronic nose. The roasting 

process was carried out at 220°C and repeated three 

times. Sensing measurements were performed over a 

one-hour period.

 

 

Figure 1 The illustration of electronic nose-based QCM sensors. 
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Results and discussion 

The surface characteristics 

ATR-FTIR analysis  

The spectra of the MMA, PMMA, rGO, and 

PMMA-rGO composites are shown in Figure 2. There 

is a slight change in the intensity of the MMA and 

PMMA peaks around 2.900, 2.800, 1.700, 1.600, 1.400 

and 1.200 cm–1. Specifically, the bands around 1.625 

cm–1 which indicates the alkenyl stretch (-C=C-) in the 

MMA was not found in the PMMA. This result 

indicated the conversion of MMA into PMMA. For 

rGO, the bands around 1.620 and 1.045 cm–1 indicate the 

alkenyl stretch (-C=C-) and (C-O-C) from the epoxides 

in the rGO structure. Interestingly, the PMMA-rGO 

spectra showed hydroxyl, carbonyl, ester, and epoxide 

bands around 3.300, 1.650, 1.460 and 1.020 cm–1, 

respectively. The bands around 3,300 cm–1 indicate the 

presence of water molecules on PMMA-rGO owing to 

the synthesis process. The peak-intensity bands of -C-H 

(stretching) and C=O (stretching) in PMMA-rGO were 

smaller than those in PMMA. This indicated the 

presence of rGO in the polymer matrix. This finding is 

similar to that of previous studies [22,25,27,35].

  

 

Figure 2 IR spectra for MMA, PMMA, rGO, and PMMA-rGO. 

 

TMS analysis 

Table 1 and Figure 3 show the surface properties 

of the PMMA-coated- and PMMA-rGO-coated QCM 

sensors. The QCM sensor with the PMMA coating 

predominantly consists of a valley pattern because its 

Ssk value is below 0 (Ssk < 0), while for the PMMA-

rGO, it mostly has a peak pattern (Ssk > 0). Based on the 

surface area roughness (Sa), it can be concluded that the 

PMMA-rGO coated QCM sensor has slightly more 

roughness than the PMMA-coated QCM. A study by 

Gaikwad et al. [27] revealed that the presence of rGO on 

the PMMA matrix tremendously increased the surface 

roughness by a factor of 5, and the surface profiling 

predominantly consisted of peaks and valleys, which 

enhanced the response time, recovery time, and 

response of gases. Hence, the presence of rGO in the 

PMMA matrix could provide more sites on the surface 

of the QCM sensor, leading to an increase in the surface 

roughness. When the surface of QCM sensor was filled 

with the PMMA only, the mass of PMMA can be 

contributed to the surface roughness. Contrast, when the 

PMMA-rGO was deposited on the surface of QCM 

sensor, the mass of PMMA and rGO are contributed to 

the surface roughness (Table 2). Consequently, the 

QCM sensor with PMMA-rGO layer could interact with 

more analytes compared to the PMMA only. The 

presence of carbonyl groups (C=O) both in PMMA and 

rGO can be used as sites to interact with the analyte 

(coffee aroma).

 

 

 

 



Trends Sci. 2025; 22(3): 9249     5 of 11 

Figure 3 The Surface Contour of PMMA (a) and PMMA-rGO (b) coated QCM Sensor. 

 

Table 1 The roughness of PMMA-coated and PMMA-rGO-coated QCM. 

Coating materials on the QCM 

surface 

Surface roughness parameter 

Sa (nm) Ssk Sz (nm) 

PMMA 446.02 ± 26.19 –0.37 ± 0.39 12,160 ± 3,627.06 

PMMA-rGO 493.68 ± 74.23 0.63 ± 1.95 11,193.33 ± 3,731.14 

 

SEM analysis 

Based on the SEM data (Figure 4), the particle 

size of PMMA was dominantly around 9 μm with a 

spherical shape. The layer-by-layer structure is a 

signature of rGO properties. For PMMA-rGO, the 

particle size was approximately 3 μm. On PMMA-rGO, 

it was observed that the PMMA particles were attached 

to the rGO surface. The presence of rGO as a filler in the 

PMMA matrix not only improved the properties of the 

composites but also reduced the particle size of PMMA.

 

 

  

  

 

(a) 
 

(b) 



Trends Sci. 2025; 22(3): 9249     6 of 11 

 

(a) 
 

 

(b) 
 

 

(c) 
 

Figure 4 SEM Image for PMMA (a), rGO (b), and PMMA-rGO (c). 

 

 The addition of rGO after the PMMA was formed 

during the synthesis process significantly contributed to 

the reduced size of the PMMA. rGO may act as a barrier 

to prevent the PMMA particles from increasing in size.  

Additionally, the presence of ethanol-water as a 

cosolvent in the polymerization reaction could result in 

monodisperse particles with a spherical shape. Hsieh et 

al. [36] in their study revealed that by proper dispersion 

of monodisperse polystyrene-pyrrole (PS-PPy) 

microspheres in a water/ethanol cosolvent, result 

uniform PS-PPy microspheres with significantly 

reduced size variation, deformation, and aggregation. 

 

The QCM sensor characteristics 

Figure 5 and Table 2 describe the sensor 

characteristics of PMMA and PMMA-rGO on the 

surface of the QCM sensor. There was a frequency shift 

before and after coating. This frequency shift indicates 

that the thin film successfully covered the surface of the 

QCM sensor. To determine the amount of PMMA and 

PMMA-rGO on the surface of the QCM sensor, the 

Sauerbrey equation [37,38] can be used:  

 

∆𝑓 = −𝐶. ∆𝑚          (1) 

 

where ∆f is the changing frequency in Hertz, C is the 

QCM constant, and ∆𝑚 is amount of coffee aroma (ng) 

that interacts with the coating materials at the surface of 

QCM. The amount of PMMA-rGO on the surface of the 

QCM was higher than that of PMMA.
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(a) 

 

(b) 

Figure 5 The Frequency Shift of QCM Sensor Before and After Coating with PMMA (a) and PMMA-rGO (b). 

 

Table 2 The changing frequency and the amount of deposited mass of PMMA and PMMA-rGO on the surface of the 

QCM sensor. 

Sample 
Initial frequency, 

f0 (Hz) 

Frequency after 

deposition, 

f1 (Hz) 

The changing 

frequencies, Δf, 

(Hz) 

The amount of 

deposited mass, Δm, 

(ng) 

PMMA-coated QCM 11209927 11208828 –1099 0.240 

PMMA-rGO-coated QCM 11210842 11208864 –1978 0.432 

 

The sensing performance  

The sensing performance of PMMA and PMMA-

rGO coated QCM was evaluated at a roasting 

temperature of 220℃. Figure 6 shows the different 

responses of PMMA and PMMA-rGO toward the aroma 

of roasted coffee. When the coffee aroma was exposed 

to the chamber, the frequency shift of the PMMA-rGO 

coated QCM was 74 Hz, while the frequency shift of 

PMMA was approximately 66 Hz (Table 3). The 

presence of rGO in the polymer matrix significantly 

increased the sensing performance of the QCM sensors. 

Reduced graphene oxide may provide more sites for 

interaction with the analytes (coffee aroma) than 

PMMA alone. The change in frequency (∆f) for PMMA-

rGO was higher than that for PMMA. The decreasing 

frequency value was linearly related to the amount of 

coffee aroma (∆m) based on the Sauerbrey equation as 

shown in Eq. (1) [26,27].

 

 

Figure 6 Coffee aroma sensing performance of PMMA- and PMMA-rGO coated QCM sensor at roasting temperature 

220 C. 
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Table 3 The changing frequency (∆f) and the amount of coffee aroma (∆m) detected by PMMA- and PMMA-rGO coated 

QCM sensor. 

Sample 
Roasting 

Temperature (C) 
∆f (Hz) ∆m (ng) 

PMMA-coated QCM 220 –66.05 ± 28.77 6.22 ± 3.05 

PMMA-rGO-coated QCM 220 –74.28 ± 36.40 7.13 ± 3.98 

 

The recovery process of PMMA- and PMMA-

rGO-coated QCM was poor after exposure to coffee 

aroma. This clearly suggests a strong interaction 

between the coating material and aroma at the interface 

of the QCM sensor. This strong interaction may be 

affected by the contribution of van der Waals or London 

forces that formed between PMMA with coffee aroma 

and PMMA-rGO with coffee aroma. This interaction led 

to the accumulation of aroma compounds on the surface 

of the QCM sensor. This accumulation can be detected 

by the deviation of the frequency before and after the 

measurement (Table 4).  

The reproducibility of the QCM sensor with 

PMMA and PMMA-rGO nanocomposites needs to be 

improved (Table 4 and Figure 7). The sensitivity of the 

sensor gradually decreases after several cycles. When 

the QCM sensors were exposed to coffee aroma, some 

residues were trapped on the surface of the QCM after 

measurement. The frequency shift values before and 

after the measurement in Table 4 strongly indicate that 

several coffee aromas may be trapped on the surface of 

the QCM sensor. This phenomenon can be described as 

a strong interaction between the coating material and 

chemical compounds from the coffee aroma.  This 

trapped mass slowly reduced the QCM sensing 

performance to detect coffee aroma for further 

experiments. 

 

Table 4 The frequency shift of QCM sensor after several measurements. 

Sample 

Frequency after 

deposition, 

f1 (Hz) 

Frequency after 

the 1st cycle 

(Hz) 

Frequency after 

the 3rd cycle 

(Hz) 

Frequency after 

the 5th cycle 

(Hz) 

PMMA-coated QCM 11208828 11208755 11208388 11207729 

PMMA-rGO-coated QCM 11208864 11208791 11208535 11205568 

 

 

Figure 7 Reproducibility of PMMA-coated (a) and PMMA-rGO-coated (b) QCM sensor. 
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Conclusions 

The PMMA and PMMA-rGO composite were 

successfully synthesized by using modified in-situ 

polymerization in the presence of green cosolvent 

system. The PMMA and PMMA-rGO composite-coated 

QCM sensor can successfully detect roasted coffee 

aroma, especially at a roasting temperature of 220 C. 

The sensing performance of PMMA in the presence of 

reduced graphene oxide significantly increased the 

detection of coffee aroma. The PMMA-coated QCM 

sensor could interact with the coffee aroma denoted by 

decreasing in frequency (∆f) is –66.05 Hz. While 

PMMA-rGO coated QCM sensor has a decreasing 

frequency (∆f) is –74.28 Hz. The presence of rGO in the 

PMMA matrix provides more sites to interact with 

coffee aroma compared to PMMA only. However, the 

sensor performance gradually decreased for both 

coating materials over many trials. Therefore, the use of 

this sensor was limited to the next measurement. This 

issue should be carefully fulfilled before applying it into 

the real-time application. In addition, the effect of the 

surface roughness on the sensing ability of the analyte 

(roasted coffee aroma) still has much work to do, as does 

their interaction mechanism (between coating materials 

and coffee aroma).   
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