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1. Introduction

Roasting is an important step in the development of specific 
organoleptic properties (aroma, taste and color) that underlie 
coffee quality [1]. During roasting, coffee beans will undergo 
physical and chemical changes due to an increase in tempera-
ture, time and roasting speed. Those changes affect the nutri-

tion and the organoleptic properties of coffee. In this case, the 
selection of roasting media plays an important role in the phe-
nomenon of heat transfer in coffee beans [2]. Hence, the evalua-
tion of pottery material composition and morphology impact on 
coffee nutrition and organoleptic properties is necessary.

The organic chemical components in coffee have a dual 
role as nutrition and organoleptic properties determina-
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The use of pottery pans lowers the 
roasting temperature and gives the product 
a more favorable taste. This study uncovers 
the role of pottery particle on chlorogenic 
acid (CGA) decomposition during roasting 
process. This study aims to design pottery 
pans and the roasting process that 
optimize the CGA content and quality of 
the coffee using Indonesian traditional 
ceramics from Banyuwangi,East java 
named Kreweng. The pottery was ground 
to between 74–1000 µm before activation. 
The elemental, phase, and morphology 
characterization performs on the coffee 
bean. The morphology characteristic of 
the pottery observed further using digital 
imaging technique to unravel the pores 
and boundaries. The impact of the pottery 
usage for coffee roasting also tested 
through coffee product pH measurement. 
The pottery morphology determines coffee 
product acidity. The smaller the pottery 
catalyst particle size results in more acid 
coffee. The pore and grain boundary 
concentration increases as the particle size 
decreases. At the same time, the Si/Al 
ratio was higher at the smaller catalyst 
particle size with higher porosity, grain 
boundaries, and absorption. The porosity 
and defects reveal the negatively charged 
faces of the pottery crystal edges. The 
charged faces revealed due to the pottery 
crystal vibration in response to heat 
during roasting process. The effectiveness 
of surface contact is greater due to the 
distribution of negative charges around 
the pores that attract OH- side of CGA. 
This interaction traps hydrogen proton on 
catalyst conductive surface. As a result, 
the CGA decomposes into several groups 
of atoms and molecules including H2 
and CO2. The interaction with the catalyst 
transforms the macronutrient into aliphatic 
acid. Therefore, roasting media with a 
higher Si/Al ratio at smaller particle sizes 
with high micropores will increase the rate 
of decomposition and the acidity of coffee 
products
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tion of the ceramic constituent mixture is often carried 
out to obtain the desired product characteristics. As well 
as the addition of SiO2 which can form a liquid phase so as 
to allow improved densification of alumina ceramics [15]. 
Recently, the synthetic or natural inorganic porous mate-
rials utilization and development such as zeolites, pillared 
clays, and phosphate derivatives as ion exchangers is get-
ting a lot of attention. These porous materials have high 
chemical stability, rigidity and heat stability making them 
suitable for almost all ion exchange applications [16]. 
Consequently, pottery material showing superior, versa-
tile and modifiable properties to be used as coffee roasting 
catalyst.

Many studies and articles have focused on the effects 
caused by the use of modern roasting machines, causing 
the Kreweng pan has not been widely studied and known 
by the wider community about its effect on the taste of 
the coffee product obtained. Meanwhile, for most people 
in the local coffee industry, such as in Indonesia, modern 
roasters are relatively expensive and take a long time to 
learn how to use them. Therefore, the findings of the in-
vestigation will provide technical information that leads 
to technological improvements and improve the quality of 
local coffee products.

2. Literature review and problem statement

The coffee sensory and organoleptic properties are 
mostly determined parametrically. The multi-study re-
view of coffee roasting processes show bean color and 
roasting time are the sensory properties marker pa-
rameters [17]. The phase of a roasting duration can be 
classified to “time to first crack” In which the duration 
of steam pressure buildup to crack the coffee bean and 
“the development time” as the time to develop sensory 
and organoleptic properties of a coffee measured from the 
“time to first crack” to the end of roasting process [18]
in general, more favorable sensory characteristics. After 
roasting, analytical methods are required to differentiate 
species. Blends with different proportions of arabica/
robusta coffees, roasted at three degrees were studied. 
Color parameters and the levels of chlorogenic (5-CQA. 
During the development time, the chemical composition 
shift is occurring. Another report suggest that the control 
on coffee development time is more important than time 
to first crack [19]. The duration of chemical composition 
shift controls the taste and aroma of the coffee. The fast 
roasting time increases fruitiness, sweetness and acidity 
of coffee product. Meanwhile, longer development time 
generates roasted, nutty+chocolate, and bitter taste. 
However, the chemical reaction during the chemical shift 
under a certain development time is depends on the roast-
er material exposure.

The other parameter to control coffee quality is the 
roasting temperatures. Long roasting process with con-
stant temperature so called baking triggers chemical 
shift [20]. However, the phenol content is largely depend 
on the optimal roasting time–temperature profile [21]. 
Alongside to that, the taste of a coffee is fully depend on 
the successful palmitic acid decomposition to oleic, lin-
oleic, linolenic, and arachidonic acid which depend only 
on temperature profile [22]. Even though, every heating 

tion factor. Green coffee beans contain many chemical 
components including caffeine, chlorogenic acid (CGA), 
trigonelline, carbohydrates, fats, amino acids, organic 
acids, volatile aromas, and minerals [3]. CGA as the 
main phytonutrient of coffee is an active polyphenol an-
tioxidant that has chemo-preventive ability, antibacterial, 
antifungal, and has diabetes prevention role [4]. CGA is 
also responsible for the acidity and bitterness of roasted 
products which were the factors to assess the quality of 
coffee [5]. The CGA content in Robusta coffee beans is 
higher around 7.0−4.0 % (dm) and up to 9.0 % on green 
coffee beans [6]. Due to its natural occurrence, CGA is 
utilized as a unique biomarker to identify the quality of 
roasted coffee products [1]. Even though, the roasting 
process reduced the amount of antioxidant content in 
coffee including the CGA. Hence, The darker the color of 
the roasted coffee beans, the lower the CGA content [7]. 
This is consistent with the findings in several studies 
which classify CGA as heat-reactive phenolic compound 
based on its thermal oxidation and square-wave voltam-
metry (SWV) data [8]. SWV results unveil the chemical 
structure and electronic properties determine CGA reac-
tivity. Especially, the electron donating effect of the -OH 
and -CH=CH- groups, and the strong electron-withdraw-
ing effect of the ester group (-COOR) [9]. Therefore, it is 
important to carry out the evaluation of coffee roaster and 
coffee beans material interaction.

The coffee roaster material defines the final organic 
composition according to its heat-transfer mechanism. 
Ground coffee products that roasted using a clay-based 
skillet were preferable to a metal pan roasted coffee [1]. 
Not limited to coffee, the use of clay-based inorganic cat-
alysts has been commonly used in various food processing 
industries. Clay has ecofriendly, economical, recyclable 
and non-corrosive properties so it is more efficient when 
used in organic reactions [10]. Alongside to that, clay is a 
ceramic based material that arranged by cubical crystal 
lattice. The crystal lattice was formed by the ionic bonds 
between the metal core and non-metal face [11]. Unlike 
the metal cubical crystal lattice, the ionic bonded cubi-
cal lattice is more rigid. This was due to non-symmetric 
electrostatic interaction between heavier atoms with 
lighter atoms that prevents the core and the face from 
displacement. Historically, Clay has been the main ma-
terial for making pottery, porcelain and other necessities 
for thousands of years [12]. In general, clay contains silica 
compounds, clay minerals and humus [13]. The minerals 
in clay make a major contribution as a chemical absorb-
er material with various types of interactions due to its 
horizontal sheet structure which is hydrophobic on one 
surface and hydrophilic on the other. 

Pottery (pottery) is a traditional clay-based ceramic 
with a simple burning technique and functions as house-
hold utensils. The quality of pottery is influenced by the 
fraction of the constituent materials and manufacturing 
techniques [12]. Pottery is a type of porous ceramic, 
where the formation of pores is caused by the process 
of compacting the material and refining the clay grains 
so that the clay pores are closer together. The density 
of the clay pores will suppress dry shrinkage during the 
calcination process, thereby triggering changes in the 
microstructure such as grain growth, pore shrinkage and 
shrinkage [14]. In modern ceramic technology, modifica-
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process is unique. Heating coffee with microwave increas-
es its oil content by 27.5 %, reduces the phenolic content 
by 16.6 %, and reduces 37.63 %the total antioxidant [23]. 
This because, the microwave radiation is not transferring 
heat from a heat source to an object instead it is vibrates 
the molecules to intrinsically heating itself [24]. There-
fore, the heating dynamics of a coffee bean roasting de-
termine the end product quality. This study evaluates the 
dynamics of roaster material interaction with coffee bean 
content.The active inorganic content of many potteries is 
an alumino-silicate (nM2O.Al2O3.xSiO2.yH2O) [25]. In 
general, ceramics have a surface structure composed of 
sialate monomer units (Si-O-Al-O) in the form of a neg-
atively charged network or dominated by electric charge 
carriers (holes) that allow ion mobility, and affect the 
conductivity properties of the material [26]. Through the 
polycondensation process, the monomers in the silicate 
solution will be arranged into alumino-silicate anions 
which have a main chain called polysalat. Polysalat is a 
negatively charged network composed of [SiO4]4- and 
[AlO4]5- tetrahedral which are connected to each other 
through covalent bonds and cations from alkali metals 
such as Na+, K+, Li+, Ca2+, and Ba2+ that fill into the tissue 
cavities to balance the negative charge of Al3+ in tetrahe-
dral coordination [26]. The properties of alumino-silicate 
catalysts are generally based on the Si/Al ratio and the 
type of activation of the material. The difference in the 
Si/Al ratio has an effect on the crystallinity or amorphous 
nature of the ceramic material. The presence of amor-
phous silica in ceramics increases the adsorption ability 
and high selectivity. However, to obtain superior alumi-
no-silicate catalyst capabilities, special treatment and 
high production costs are required [27]. For this reason, 
mechanical milling techniques are often chosen to pro-
duce different amorphous phase ceramics, intermetallic 
compounds, solid solutions, or nanocrystaline alloys [28]. 
Consequent to that reason, this study employs mechani-
cally milled Banyuwangi, Indonesia traditional pottery as 
to develop the coffee roaster. Therefore, this study focuses 
on the material interaction of a pottery to develop a coffee 
roaster that maximizes the acidity of the coffee product.

Previous studies mainly focus on parametrical control 
of the coffee roasting process to obtain coffee product with 
better quality. The Si/Al content in kreweng pottery offers 
advantages that allow roasting operations to be carried out 
at low temperatures making it suitable for materials that 
are not heat-resistant such as coffee. Optimization of mate-
rial by mechanically milled to increase the selectivity of the 
material surface. The ionic interaction of alumino-silicate 
with coffee beans is discussed in this study. The discussion 
about the effect of aluminum and silicon ratio impact on 
kinetics due to heating on CGA transformation to aliphatic 
acid is also present. Therefore, the coffee acidity can be 
maximized through alumino-silicate content ratio control. 

3. The aim and objectives of the study

The aim of this study is to determine the optimal config-
uration of alumino-silicate content ratio in a Banyuwangi, 
Indonesia traditional pottery upon maximizing the coffee 
acidity. To achieve the aim, the following objectives were 
accomplished:

− to investigate the effect of alumino-silicate ratio on 
coffee roasting temperature profile;

− to explore the pottery characteristics on various alumi-
no-silicate content ratio;

− to view the impact of alumino-silicate content ratio on 
coffee product properties.

4. Materials and methods

This study uses pottery as an inorganic catalyst which is 
believed to have the main constituent element alumino-sili-
cate (Si/Al). This research uses pottery as an inorganic cat-
alyst which is believed to have the main constituent elements 
of alumino-silicate (Si/Al). Alumina-silicate in pottery has 
a negatively charged network structure that can affect heat 
transfer on the surface of the material. Modifying the sur-
face of the crystalline phase to be amorphous, is expected 
to give a greater increase in contact stress. This increase is 
related to the ability of the alumino-silicate absorption peak 
to attract some of the hydroxyl [OH-] in CGA in the coffee 
roasting process. The electron affinity that occurs has an 
impact on the rate of decomposition of the material which is 
characterized by changes in the water content and acidity of 
the final product.

The pottery media was obtained from the brick and 
pottery industry in Kedung Gebang Village, Tegal De-
limo District, Banyuwangi Regency, East Java, Indone-
sia. The pottery media was a traditional ceramics from 
Banyuwangi,Indonesia named Kreweng. The media was 
processed using a ball mill machine type SS 10-35, 220 V, 
80 rpm for 60 minutes. The earthenware powder was sieved 
using 18, 60 and 200 wire mesh to obtain catalyst particles 
at sizes 250 µm<(P1)<1000 µm, 177 µm<(P2)<250 µm,  
and (P3)>74 µm. While the Green Bean (GB) material 
used is robusta coffee (Coffea canephora) medium type 
with a moisture content of about 12–14 % (bb) obtained 
from the Kampong Kopi Lerek Gombengsari (Kopilego) 
Plantation, Banyuwangi, East Java, Indonesia.

Characteristic morphology of pottery catalysts sample 
and coffee products were observed by FEI inspect-S50, 
Scanning Electron Microscope (SEM) in high vacuum 
mode and energy dispersive x-ray (EDX). The character-
istics of the wavelengths that absorbed by the catalyst and 
the GB were determined using UV-Vis Spectrophotometry. 
The spectrophotometer was UV-Vis 1601 Spectrophotome-
ter (Shimadzu, Japan). The wavelength was emitted in the 
range of 200–800 nm. The UV-Vis sample was prior-acti-
vated catalyst powder with particle size ranging between 
74–1000 µm. In addition, GB was also analysed with IR-
Prestige 21, Fourier Transform Infrared (FTIR) (Shimad-
zu, Japan). FTIR measures the range of wavelengths in the 
infrared region absorbed by the GB through the application 
of infrared radiation to a sample of a material. The sample 
absorbance of infrared light energy at various wavelengths 
is measured to determine the molecular composition and 
structure of the material. XRD phase analysis of the cat-
alyst was carried out using a PanAnalytical type E’Xpert: 
Pro in Bragg-Brentano geometry using a Cu anode with a 
Kα source (1.5405) and a Ni Kβ filter. Scanned Bragg angle 
is 10–90° with 0.0010° in 0.7 seconds for each step. The gap 
used is a fixed divergence gap of 1.52 mm and a receiving 
gap of 0.10 mm:
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The surface area, pores, and the catalyst pore size 
were analyzed using ImageJ software. This software plots 
the surface of an 8-bit image based on the byte pattern 
of the pixel brightness. A byte is 256 bit ranging from  
0 to 255, the higher the byte the brighter the pattern [29]. 
The total surface area of the analyzed sample (AT) and the 
total analyzed pore area of the sample (ATP) data were 
used to estimate the porosity based on image obtained 
through (1). Alongside to that, the pore identification by 
digital imaging also performed through image-thresh-
olding technique using 50 by 50 brightness to contrast 
histogram.

The roasted coffee products physical characteristics, wa-
ter content and acidity (pH) were reviewed before and after 
treatment. The bean physical characteristic were the seed 
density analysis before and after the roasting process and 
water content testing using HB43-S moisturemeter. The 
Moisture Analyzer was focused on measuring the moisture 
content of the sample before and after roasting. The acidity 
test was performed on each coffee roasting step. The steps 
were start with grinding the coffee beans with a grinder, and 
then 2.25 grams of coffee powder was mixed with 50 ml of 
distilled water which was heated and then cooled to room 
temperature. The coffee solution was separated from the 
precipitate by filtering through Whatman No. 1 filter paper. 
Acidity level was measured using a pH analyzer (Model 
Pocket-sized pH meter KL-009A) [30].

The arrangement of the roaster measurement setup is as 
shown in Fig. 1. The roasting process was carried out in a 
cylindrical furnace with a total volume of 331.96 cm3 made 
of 18/8 Stainlees Steel plate with a thickness of 0.4 mm. The 
inner wall of the tube was insulated using wood charcoal 
carbon powder 1 mm thick to avoid the radiation effect of the 
furnace material during roasting. This performed by consider-
ing the remarkable dielectric permittivity, dielectric loss angle 
tangent, and microwave response properties that possess by 
activated carbon [31]. 

The temperature of the catalyst powder and coffee beans 
were measured using K-Type thermocouple made of Chro-
mel (Ni-Cr alloy) with a temperature range from 200 °C to 
1200 °C. Each sensor port was connected to the notebook 
via the Arduino Uno R3 microcontroller. The roasting stage 
was carried out by heating 100 g of powder in a furnace using 
an electric heater (300–600 W, AC 220 V). Powder heating 
was carried out until it reaches a temperature of 200 °C and 
then followed by inserting 10 g of coffee beans into the heated 
powder. In 20 minutes roasting duration, the temperature data 
of the powder (T1) and coffee beans (T2) were recorded at 
intervals of 10 seconds.

5. Results of the alumino-silicate content ratio 
characterization and roasting evaluation

5. 1. Effect of alumino-silicate content on catalyst 
temperature profile

The temperature profile of the coffee bean roasting has en-
abled to declassify the heating rate dynamics of each roasting 
treatment to obtain ideal temperature. The ideal temperature 
for roasting is 200 °C. Fig. 2, a shows the heating rate of the 
electric heater used as a roasting energy source is 7.73 °C/mi- 
nute or 0.13 °C/second. Fig. 2, b shows the heating rate of 
each catalyst and electric heater in 30 minutes of roasting. In 
Fig. 2, b the region of the chart can be dissected into two parts. 

The first part at the top of the chart represents the heating 
rate of the electric heater and P1 catalyst. In this part, the 
heating process was started by linear incremental pattern that 
followed by small logarithmic incremental, and logarithmic 
decrement pattern. The P1 catalyst has shown slower heating 
process with lower peak temperature compared to electric 
heater. The second part located under the first part, represents 
the heating rate of P2 and P3 catalyst. Both catalysts heating 
rate was exponential with power factor in between 1.0 and 2.0. 
Fig. 2, b also shows the P1 catalyst reach the ideal temperature 
in 32 minutes, P2 in 30 minutes and P3 in 25 minutes. This 
indicates that particle size affects the heat absorption and 
transmittance mechanism of each catalyst.

 
  

Fig.	1.	Roaster	Measurement	Setup
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5. 2. Impact of alumino-silicate on pottery catalyst 
characteristics

The UV-Vis spectra of each catalyst have help to iden-
tify the catalyst structure, compounds, and predict the 
reactivity of each catalyst. As shown in Fig. 3, the light 
absorbance peak of each test specimen has an absorption 
peak at a wavelength of 320 nm due to the presence of 
alumino-silicate. This condition indicates that the light 
absorbance peak is related to the electron absorbance on 
the surface structure of the catalyst. P1 and P2 catalysts 
have a lower absorption of 1 K/M due to the larger parti-
cle size so that the contact surface area were small. While 
the P3 catalyst has a maximum absorption at 1.8 K/M 
due to the smaller particle size. In addition to that, the 
increasing numbers of pores on the catalyst surface has 
triggers more significant surface response. In accordance 
with structural identification, the UV-Vis also can track 
energy level of each catalyst. The high light absorbance of 
P3 in short wavelength region indicating its compounds 

were less reactive to longer wavelength. Hence, the energy 
level of P1 and P2 were higher than P3 which depicts the 
reactivity with lower energy.

The additional elemental analysis through FTIR was 
carried out to detect the functional groups that existed 
in the catalyst. Fig. 4 shows the characteristics of the 
pottery catalyst sample in the absorption region at a wave 
number of about 462 cm-1 which is the absorption of Si-O 
vibrations, at a wave number of 536.2 cm-1 is a stretching 
vibration of Si-O-Al, at a wave number of 1635.02 cm-1 is 
bending vibration –OH, 3447.8 cm-1 is stretching vibration 
–OH, and at wave number 3629.35 cm-1 is stretching vi-
bration of –OH. These numbers are identical to the spectra 
of clay as the main composition of pottery materials [32]. 
FTIR test results have confirmed the presence of alumi-
no-silicate in pottery catalysts which have the potential as 
inorganic catalysts in the coffee roasting process.

XRD phase analysis was carried out to confirm the 
crystallographic properties of the P1, P2 and P3 pottery 

 

 

 

 

a

b	
	

Fig.	2.	Temperature	profile:	a	–	heating	rate	of	electric	heater;		
b	–	comparison	of	electric	heater	temperature	to	variation	of	pottery	catalyst	size
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catalysts. The wider XRD peaks indicate more X-rays are 
reflected to the detector at various contact angles [33]. 
Peak intensity shows level of crystallinity density on the 
catalyst surface [26]. Fig. 5, a shows that catalyst P1 has 
a peak intensity of 3400 a.u at an angle of 2θ (°) of 27.79°, 
Fig. 5, b catalyst P2 with an intensity peak of 3500 a.u at 
an angle of 2θ (°) of 28.02°, while P3 in Fig. 5, c has a peak 
intensity of 4500 a.u at an angle of 2θ (°) of 27.78°. The 
x-ray diffraction pattern similarity of Fig. 5, a–c indicates 
the crystal structure of P1, P2, 
and P3 catalysts were in equal 
phase. The results show that the 
material phase was consists of 
amorphous crystal and regular 
crystal materials. 

The experimental results 
and the characterization results 
were connectively inform the 
underlying mechanism of the 
pottery catalyst. Intensity dif-
ference on each catalyst trig-
gered by changes in particle size 
due to the milling process which 
is accompanied by an increase 
in defects that cause amorphous 
properties of the catalyst ma-
terial. The amorphous nature 
of the pottery surface was also 
caused by the Si/Al ratio so that 
there is a shift in the absorption 
wavenumber to a higher num-
ber in the FTIR spectra shown 
in Fig. 4. In this situation, the 
pores in the pottery will modify 
the surface interaction forces 
with the coffee molecules. The 
results inferred that the kinet-
ics of the catalysts was deter-
mined by its structural proper-
ties (grain size, pore density on 
the surface, etc) and the alumi-
no-silicate composition. There 
was an indication that the struc-
ture of the catalyst may define 
the catalyst kinetics. For exam-
ple, the pores in the pottery may 
modify the surface interaction 
forces with the coffee molecules 
due to the increasing surface 
area of reaction.

Morphological analysis was 
carried out to define surface 
characteristics as the basis to 
predicts surface kinetics of the 
catalyst. Visually it appears that 
the pottery catalyst has various 
surface characteristics (Fig. 6). 
P1 catalyst shows a surface with 
a lump-like shape, while P2 and 
P3 appear to have dominant pore 
growth along with the smaller 
particle size. Fig. 6 also provides 
a pore identification results 

through image-thresholding technique. The black colored 
segments were represents the surface portion that does 
not holding incidence electrons and not covered by sec-
ondary emission light. Therefore, the black colored seg-
ment referred to the pores and grain boundaries. Based on 
the visualization of threshold images, the P3 catalyst has 
more pores than P2 and P2 has more pores than P1 (Fig. 6). 
The grain boundaries also do not exist on P1 catalyst  
surface.

 
  Fig.	3.	UV-Vis	spectra	of	pottery	catalysts

 

 
  

Fig.	4.	FTIR	test	results	of	pottery	catalysts:	a	–	P1;	b	–	P2;	c	–	P3
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Further pore identification using quantitative technique 
by employing equation 1 also performed. The particle poros-
ity calculation were tabulated in Table 1. The measurement 
results show that the smaller the catalyst particle size, the 
higher the percentage of micropores. This condition is influ-
enced by the crystal size, where the larger the Si/Al ratio, the 
smaller the crystal size [34]. The milling process makes the 
crystal lattice defect due to the collision of the balls which 
increases the surface porosity as shown in Fig. 6.

Table	1

Porosity	value	in	Image-J	software	analysis

Label of 
sample

Particle diameter 
(µm)

Total 
pores

Area (%)

Macros Meso Micro

P1 646,855 162 11.73 29.63 58.64

P2 191.40 659 7.59 28.53 63.38

P3 39.97 767 9.39 20.08 70.53

a

b

c 
 

Fig.	5.	XRD	pattern	of	each	pottery	catalyst	a	–	P1;	b	–	P2;	c	–	P3
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The macro-pores observation coupled by surface plot of 
SEM image found the surface charge arrangement around 
the pores. In Fig. 7, a the macro-pores were clearly visible 
as the dark region. The targeted pore inside the red box has 
been used to analyze the surface plot. This due to its lo-
cated near to 50th percentile of overall image brightness 
threshold. As a result, the plot in Fig. 7, b was generated 
according to it. The surface plot around the pore does 
not showing high brightness region. Surface brightness 
can indicate the surface charge of the SEM images [35]. 
The application of surface charge analysis has been 
implemented to observe interchanging surface polarity 
around macro and meso-pores [36]. Consequently, the 
dark surface brightness indicates the negative surface 
charge. Thus, the alumino-silicate presence around the 
pores can be confirmed.

The EDX results of pottery catalysts sample show 
the different atomic composition of its surface. The 
results were depicted in Fig. 8, a–c for each catalyst 
P1, P2, and P3 respectively. Based on the resulting 
spectra, it can be seen that catalysts with different 
sizes have different percentages of Si/Al. However, 
the Si/Al ratio always maintained throughout all 
samples. Si atoms weight % were always narrowly 
more abundance than Al atoms on the catalysts sur-
face (Table 2). This consistent with the detection of 
Si-O stretch on FTIR results (Fig. 4). The findings 
of abundance oxygen, some metal elements, and Si 
on catalyst surface related to the possibility of metal 
oxide and silicon oxide formation. Even though, the 
possibility was restricted by the cubical crystal lat-
tice of clay. The only possible scenario for the metal 
oxide and silicon oxide formation is by crystal defect 
exploitation. Here, the grain boundaries and pores 
on pottery catalyst samples crystal were present on 
whole samples. Thus, the defective crystal promotes 
the metal-oxide and silicon-oxide formation.

Further elemental analysis based on atomic weight 
that decomposes each catalyst has unveiled the con-
ductive surface formation. The Ti element was not 
present on P2, insignificantly present on P1, and present 
on P3 (Table 2). The presence of Ti along with oxygen 

indicates the formation of Titanium-oxide (TiO2). The Ti-
tanium-oxide may reside from rutile ore mineral from the 
clay source. The presence of Fe and Ti atoms also consistent 
with the XRD results that show ilmentite peak. Hence, there 
is high probability for Ti and Fe oxides formation. Those 
metal-oxides are useful in ion transport especially as cations 
transporter in electrochemical system [37]. Also, the signifi-
cant amounts of Fe on catalyst samples enable the alteration 
of pottery catalyst conductivity.

Table	2

Chemical	composition	of	pottery	catalyst

Element
Weight %

P1 P2 P3

C 33.53 19.39 15.4

O 37.53 39.28 36.89

Si 9.94 9.98 5.23

Fe 9.28 23.31 28.61

Ti 1.03 0 9.45

Mg 0.37 0.88 0.62

Al 7.22 5.4 3.35

Ca 1.11 0.82 0.45

 

a

b	
	

Fig.	7.	Observation	of	pottery	catalyst	pores:	a	–	Surface	area	to	be	
plotted;	b	–	3D	surface	plot	of	catalyst	using	ImageJ

 

 

 

a

b

c	
	

Fig.	6.	Image-J	of	pottery	catalyst	a	–	P1;	b	–	P2;	c	–	P3
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a 

 
b

c 
	

Fig.	8.	EDX	Spectra	of	pottery	catalysts:	a	–	P1;	b	–	P2;	c	–	P3
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5. 3. Alumino-silicate ratio impact on coffee product 
properties

The morphology characterization of GB sample was also 
performed to gain full mechanistic understanding of the cat-
alyst and substrate interactions. The SEM image of GB in 
Fig. 9, a depicts the irregular grain morphology. The con-
sequence of this will be the non-homogeny surface reaction 
occurrence due to the heterogenic substrate surface area. 
However, further surface characteristic identification on the 
outermost grain in Fig. 9, a (inside red rectangle) has reveal the 
surface charge homogeneity as shown in Fig. 9, b. According to 
the surface charge analysis principle, the surface tends to be 
brighter when it able to hold electrons [35]. Hence, the surface 
emits photons following the quantum electrodynamics (QED) 
principle due to the fallback electron on sample surface [38]. 
Previous study on organic electrocatalyst development has 
indicating the bright surface of SEM images on the flat contour 
as the polar positive surface [39]. Therefore, the GB surface 
was covered by positively charged substances. The phenolic 
antioxidant content has positively charged methoxyphenyl ar-
rangement that also contribute to positive polarity of turmeric 
protein complex [40]. Therefore, the positive surface of GB was 
due to its high phenolic antioxidant content. The generalization 
can be made from this finding is the reaction of GB surface with 
pottery catalyst will cause molecular structure deformation of 
GB through electrostatic interaction.

 

  
a 
 

b 
 

Fig.	9.	Observation	of	green	coffee	bean	surface: a	–	chosen	
surface	area	for	3D	plot;	b	–	3D	surface	plot	of	coffee	beans

Fig. 10 shows the coffee roasting performance with var-
ious pottery catalyst. It is shown that the yellow line (K3) 
is the temperature condition of coffee roasted using P3 cat-

alyst, red color (K2) indicates coffee roasting with P2 cata-
lyst and blue (K1) is coffee roasting using P1 catalyst. In the 
case of K1 roasting, the temperature of the beans is much 
lower than the catalyst temperature. The highest bean tem-
perature was only 119 °C which lasts until the end of the 
process (600 sec). The low porosity of P1 causes a decrease 
in the ability of the catalyst to transmit heat to the coffee 
beans. This can be linked to the UV-V is light absorption 
of each catalyst. The low surface porosity of the catalyst 
greatly affects the intensity of energy absorption of the 
catalyst as shown in Fig. 3. P1 and P2 catalysts have lower 
absorption (1 K/M) than P3 (2 K/M) due to their larger 
grain size so that the contact surface area is very small. 
This connectivity has inferred that the adsorption of the 
catalyst surface active site can be characterized through 
energy release in the form of heat. Therefore, temperature 
profiles represent the performance of pottery catalysts in 
coffee bean roasting.

Fig. 11 shows the results of the FTIR spectra of Green 
Bean, the product roasted with P1–P3 catalyst and the prod-
uct sample from conventional roasting. The FTIR test in this 
case aims to identify changes in product functional groups in 
various roasting operating conditions. The test results showed 
absorption data at 1033.07 cm-1 (CO), 1157.99 cm-1 (C=CH), 
1647.71 cm-1 (C=C aromatic), 1744.31 cm-1 (C=O stretch), 
3345.83 cm-1 (width, OH stretch). Within those regions, the 
coffee products contain less aromatic C=C and not showing 
free OH stretch. The loss of free OH stretch can be occurred 
due to the carbohydrate heating process. The use of catalysts 
has changed the mineral composition of the coffee products 
which can be seen from the right hand side (RHS) of the FTIR 
spectra. This related to the variation of mineral content of the 
pottery catalysts. The high Fe and Ti P3 catalyst has stronger 
peak on 634.42 cm-1 compared to other peaks (Fig. 11, d). The 
alumino-silicate related functional groups were not detected 
which indicating no degradation occurrence of the pottery 
catalysts. However, the CGA content change is untraceable 
because the main atomic compositions of GBA are [CH] alkane 
groups, C=C groups, and phenolic [OH] groups. In addition 
to that, other coffee antioxidants such as hydroquinone have 
similar functional groups. This may cause FTIR spectrum to 
overlap which makes the source molecules of each functional 
group undistinguishable.  On the other hand, the transmittance 
energy differences were due to the different composition of the 
detected functional groups that affects the surface contact en-
ergy of the coffee beans with the pores of the pottery catalyst. 
Consequently, the decomposition rate can be different accord-
ing to the operating conditions.

The acidity level comparison in Fig. 12 shows the 
change in the acidity value of green coffee beans (GB) 
with a value of 4.98 to become 4.67 with P1 catalyst 
roasting indicated by K1, P2 catalyst roasting indicated by 
K2 and to 3.70 with P3 catalyst roasting indicated by K3. 
The results of pottery catalyst roasting showed the higher 
the acidity level along with the smaller catalyst particle 
size. This was caused by the decomposition of sucrose, 
glucose and fructose compounds to form aliphatic acids 
compounds. The surface area of the catalysts has shown to 
be involved in resulting aliphatic acid concentration. This 
condition was triggered by the adsorption energy of the 
catalyst on the surface of the coffee beans which is simul-
taneously characterized by an increase in the temperature 
of the beans as shown in Fig. 9.
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The moisture content of the roasted coffee beans implies 
the role of catalyst surface area in content decomposition. 
Fig. 13 shows the change in water content from 12 % in 
green coffee beans (GB) to 7.08 % in coffee roasted with P1 
catalyst indicated by K1 to 5.96 %, in coffee roasted with P2 
catalyst indicated by K2 and to 5.44 %  and, in coffee roast-
ed with P3 catalyst indicated by K3. These indicates the 
coffee beans were shrinking due to the water evaporation. 

The change in temperature profile may link to the fi-
nal moisture content of the coffee product. Therefore, it is 
suggested that the different final moisture content was due 
to the different evaporation rate. The K3 shows the perfor-
mance of the P3 catalyst in reducing the amount of water 
vapor in the material. Hence, the smaller surface area grains 
which indicated by high porosity were drastically reduce 
liquid composition of coffee beans.

 

 
  Fig.	10.	Coffee	bean	temperature	profile	throughout	the	roasting	process

 
  

Fig.	11.	FTIR	spectrum	of	coffee	beans:	a – Green	beans;	b –	Roasted	coffee	products	with	P1	catalyst;	c	–	Roasted	coffee	
products	with	P2	catalyst;	d	–	Roasted	coffee	products	with	P3	catalysts;	and	e	–	Conventionally	roasted	coffee	products
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6. Discussion of experimental results 

The dislocated electrons in the catalyst pores cannot 
absorb energy properly because the surface is covered with 
positive charges from impurity cations so that the contact 
area gets smaller. The heating process until reaching the 
critical temperature of clay will cause the clay surface to 
emit photons. The electrons interaction with photons around 
the pore was following the QED principle. Hence the surface 
electrons will jump from the valence band to the conduction 
band which shifts the pore polarity to be negative. The pres-
ence of the pore promotes charge gradient [41]. The charge 

gradient was due to the uncharged pore hole that dissecting 
charged surface around the hole. Therefore, the impurity 
cations are far enough to attract negative charge around the 
pores. As a result, the surface structure with low porosity 
weakens the hydrogen absorption capability. This condition 
was characterized by a modest increase in seed temperature 
as shown in Fig. 10 (K1). As the electron kinetic energy 
greatly influenced by temperature, this phenomenon slow 
down the decomposition rate.

The difference in grain temperature was caused by the 
increase in the conductivity of the catalyst. In the case of K2 
and K3 coffee beans, the peak temperature can be reached 

 

 
  Fig.	12.	Acidity	level	comparison	between	green	coffee	and	each	roasted	coffee	product	with	each	pottery	catalyst 

 
  Fig.	13.	Comparison	of	water	content	between	green	coffee	and	each	coffee	product	roasted	with	a	pottery	catalyst
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faster, namely 360 sec and 330 sec, respectively. The pottery 
catalysts P2 and P3 have a higher percentage of porosity 
which makes them have a more dominant charge gradient. 
Porous pottery catalyst with amorphous surface capable of 
generating an electric field when receiving light energy due 
to the heating process. As the heating process trigger the 
electrons around the pores to vibrate, the resulting photons 
give some energy to lift the electrons from valence band 
to the conduction band. As a result, the surface becomes 
conductive due to its high electron density. The highly pop-
ulated electrons on the surface have generating segregated 
conductive area. The segregation was due to the existence 
of grain boundaries. However, the grain boundaries itself 
help to increase surface area of the catalyst grain. The edge 
of the grain boundaries also can be involved in the reaction. 
The edge of the ceramic grain boundaries were negatively 
charged ionic compound. The pores also contain negatively 
charge edges as the grain boundaries. Hence, the segregated 
electron dense region, the grain edges, and the pore edges 
are responsible for the adsorption strength of the pottery 
catalyst on the CGA molecules. 

The fewer edges catalysts were unable to effectively 
reacting with CGA. The pottery catalysts utilize its conduc-
tivity to decompose CGA. Some amount of CGA molecules 
were decomposed naturally by heat. Although, the decompo-
sition may imperfect due to the nature of the heat as the pho-
non vibration [42]. Also, the dipole moment induces by heat 
that has no acceptors will regain back as irregularities in the 
crystal if the crystal itself not closely packed [43]. In the case 
of ceramics, the cubical crystal lattices were compact and 
closely pack without the presence of impurities. Hence, the 
natural heating without catalysts not ensures the controlled 
decomposition rate of the CGA. The polar surface of pottery 
catalysts were acts as the dipole moment acceptor when the 
molecules were heated. Therefore, the CGA dipole moment 
will be accepted by the catalysts surface. The reaction mech-
anism has been illustrated in Fig. 14. One of the products of 
this interaction is the release of hydroxyl ions (OH-) from 
the CGA. As the interaction continued, some of the hydroxyl 
ions were interacting with the catalyst surface. The result of 
the second interaction is hydrogen atoms (H2). 

The porosity of P2 and P3 catalysts surface has given 
a lower resistance value of charge transport and triggers a 
faster interfacial charge transfer. The energy difference in 
each pottery catalyst (P1, P2 and P3) affects the rate of 
decomposition of coffee beans. The conductive surface of 
the pottery catalysts increases its electrical conductivity. So 
that the catalyst responsive to the energy received from the 
surrounding heat and converts it into electrical energy. The 
existence of pores decelerates the temperature gradient for-
mation on the surface [44]. However, the heat that concen-
trated on smaller surface area may energize the pottery clay 
ionic edges. As a consequence, the decomposition reaction 
runs faster indicated by moisture content reduction rate.

The phenomenon of adsorption of hydroxyl and carbonyl 
groups in CGA is triggered by the negative charge of elec-
trons in the pores of the catalyst. The polarity of the CGA 
adsorbed by the pores of the pottery catalyst has an import-
ant role that affects its interaction with the electric field of 
the catalyst. In general, clay-based pottery has a relatively 
large pore structure with an orthorhombic crystal structure 
and affects its function due to the mono-dimensional and 
non-intersectional nature of the pore and canal structure. 
This structure can inhibit the entry of large molecules. So 

that the Si/Al ratio of pottery can be increased by an activa-
tion process as an alternative to modify the structure, pores 
and area to reach the optimum Si/Al ratio as a catalyst [45]. 
Besides that, the grain size of the pottery catalyst affects the 
CGA adsorption process, where during the adsorption pro-
cess it is necessary to contact the counter ion with the ionic 
group bound to the catalyst. The smaller the grain size, the 
larger the surface area. The large surface area makes the ion-
ic groups are more exposed. As a result, the surface capacity 
of the catalyst will be increased due to the more attainable 
reaction sites.

The Si/Al ratio has the key role to enhance each catalyst 
heat and electrical conduction properties. Through Fig. 5 
it can be clearly seen that the performance of P2 and P3 
catalysts which have smaller grain size and high Si/Al ratios 
have given conductive large surface area sites. The surface 
area formed gives the effect of increasing the charged sites 
on the catalyst surface. When the catalyst temperature 
increases, [AlO4]5- which is negatively charged will attract 
hydrogen to the carboxyl and hydroxyl groups stronger due 
to the energy of electrons that being dislocated in the pores. 
This surface interaction of the Si/Al catalyst consistent with 
the increase in the temperature of the coffee beans when 
roasted with P2 and P3 catalysts as illustrated in Fig. 10. 
The temperature profile of each catalysts roasting informs 
the kinetics of each catalyst.

Besides the type of the cations and the structure of 
the pottery catalyst framework, other factors affects the 
sorption properties of the material in the roasting process.  
The P1 with low Si/Al ratio causes the cation density and 
electrostatic field strength to be decreased and the affinity 
of the catalyst surface for non-polar groups in CGA to be 
increased as well reduce the polar group affinity. Catalysts 
that have higher alumina elements adsorb more water than 
hydrocarbons, but the opposite conditions will occur in 
catalysts containing higher silica. This due to the ability of 
aluminum atom to bond 6 water molecules as silicon only 
can bonds 4 water molecules. Where in Fig. 10, at the roast-
ing time of 0–100 sec, the catalyst roasted coffee (K3) (P3) 
experienced a significant increase in temperature. In this 
hydration phase the catalyst (P3) with a Si/Al ratio attract-
ing a lot of water molecules due to the presence of alumina. 
Aluminum atom has strength to poisoning active metal in 
a metal complex [46]. The balance ratio of zinc with alumi-
num in a Zn-Al anion intercalation matrix for double layer 
hydroxide increases surface adsorption capability [47]. The 
high concentration of alumina in the catalyst alters the 
magnetic properties of the pottery catalyst. The exposure 
of external magnetic field to the water molecule triggers the 
dipole homogenization [48]. Therefore, strong magnetic field 
will enforce the water molecules to move in the same direc-
tion. Consequently, the heat diffusion on each catalyst parti-
cle was different. Simultaneously, the translational motion of 
enforced water molecules will increase the evaporation rate 
of the material and have a significant effect on the decrease 
in water content as shown in Fig. 13. 

A limitation that imposed in this study was the possibil-
ity of biased in surface charge analysis through SEM images 
surface brightness plot. This technique requires the flat sam-
ple surface in high vacuum SEM mode. Therefore, a contour 
difference will cause the result to be inaccurate. Still, the 
results have the consistency with the mineral content that 
obtained by EDX characterization. Consequently, the error 
of the surface charge analysis has not lead to the erroneous 
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conclusion. Alongside to that, the future problem that has to be 
tackled from this study is the development of controllable pot-
tery catalyst. The decomposition control is needed because the 
CGA content is the main antioxidant of coffee that has many 
positive effects for human health. Also, further investigation 
of coffee protein with roaster minerals interaction is needed as 
the protein-mineral interaction affects nutritional content [49]. 
Thus, the decomposition ratio control to optimize coffee prod-
ucts quality while keeping the CGA content is important.

Some difficulties also present during understanding the 
maximization of coffee acidity due to the alumino-silicate 
ratio. The existence of various acids in coffee content such as 
palmitic acid, linoleic acid, and other acids may have differ-
ent kind of acid taste. Therefore, the confirmation through 
pH value detection is utterly limited to show the increase in 
aliphatic acid without sensory evaluation. However, senso-
ry evaluation also may differ due to various factors such as 
ethnical background, subjective preferences, and sensitivity. 
According to that, further analysis of coffee oil content during 
roasting may improve the accuracy of CGA decomposition 
results in objective manner.

7. Conclusions 

1. The pottery with higher Si-Al ratio reach the peak 
roasting temperature faster due to the increased porosity. The 
porous have larger surface reaction area with fewer atomic 
bonds. Therefore, the higher porosity pottery heated faster.

2. The crystal defects, Si-Al ratio, and mineral con-
tent (Fe, Ti, etc.) have affecting heat to electricity con-
version during the roasting process. The pottery catalyst 
contains amorphous alumino-silicate structure in different 
ratio depending to the activation treatment. The FTIR 
spectrum has shown the level of Si-O-Al surface absorption 
which is associated with the surface properties of the pottery 
catalyst.

3. The High Si-Al ratio of a pottery causes GB macro-
nutrient molecules decomposition to form aliphatic acid 
which alter the cation transfer capability on the catalyst 
surface that indicated by the heat transmittance of the 
catalyst and increase the coffee product acidity indicated 
by lower pH value.
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