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Abstract: Plant carbon has been used as one of the natural edible colorants, but it must meet the
requirements of carbonization conditions and vegetable materials. To evaluate the effects of
carbonization conditions on the properties of resulting biochar products from coffee husk, the process
parameters were designed by the combinations of heating rate (i.e., 10 and 20°C/min), pyrolysis
temperature (i.e., 800 and 850°C) and residence time (i.e., 0, 30 and 60 min) in this work. Based on the
thermochemical properties like proximate analysis and thermogravimetric analysis, this
lignocellulose-rich biomass is an excellent precursor for producing carbon materials. Although the
pore properties of resulting biochar products were not positively related to the carbonization
conditions, but the maximal Brunner-Emmett-Teller (BET) surface area of 155.59 m?/g and 354.96 m?/g)
were obtained at 850°C for holding 30 min under the heating rates of 10 and 20°C/min, respectively.
The data on the observations by the scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and Fourier-transform infrared spectroscopy (FTIR) of coffee husk and resulting
biochar were in accordance with the changes on their textures and elemental compositions. Under
the proper carbonization conditions, the resulting plant carbon derived from coffee husk had a special
feature due to its high values of carbon content (> 90wt%), microporosity (> 70wt%), and BET surface
area (> 350 m?/g).

Keywords: natural edible colorant; coffee husk; carbonization; plant carbon; pore property; chemical
property

1. Introduction

Coffee may be the most important drink around the world. It has a special flavor (or aroma),
black color and biological constituents for beneficial health, thus becoming one of the most traded
commodities. However, the coffee by-products, derived from its compositions like skin, parchment,
mucilage, pulp and silver [1-5], will be inevitably generated during the coffee cherry processing.
Among them, coffee husk is the major solid residue from the coffee bean production, accounting for
30-50wt% of the total coffee bean produced. Due to its richness in lignocellulosic compositions (i.e.,
hemicellulose, cellulose, lignin) and bioactive/biological constituents (i.e., antioxidants, vitamins,
enzymes, lipids, proteins, caffeine), coffee husk posed the potential for a variety of valorization
approaches and/or value-added applications, including skincare, organic fertilizers, animal feeds,
foods., biofuel, cosmetics and pharmaceuticals. Therefore, several review paper have been published
in recent years [6-12].

Generally, pyrolysis refers to the thermal decomposition of the lignocellulosic sample in an inert
atmosphere (i.e., the limited oxygen, or the absence of oxygen). The charcoal (or biochar), bio-oils and
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non-condensable gases will be formed in the carbonization process. Their corresponding yields and
compositions depend on starting sample, heating rate, and temperature and its holding time (or
residence time). Regarding the production of biochar products from coffee husk, only few researches
were studied in recent years [13-18]. Domingues et al. investigated the production of biochar
products from coffee husk and other biomasses at 350, 450, and 750°C [13]. The resulting products
were characterized to identify agronomic and environmental benefits for the purpose of soil quality
enhancement. Schellekens et al. produced the biochar products from five Brazilian agricultural
residues (including coffee husk) at different charring temperatures (i.e., 350, 450, and 750°C) and also
determined their molecular characterization [14]. Asfaw et al. studied the production of biochar from
coffee husk at 750°C for holding 3 hours [15], focusing on its chemical compositions for reusing it as
an organic fertilizer. Concerning the reuse of coffee husk-based biochar as an adsorbent in the
removal of dye from water [16], Nguyen et al. adopted a slow pyrolysis process at 500°C for holding
2 hours under a heating rate of 10°C/min. More recently, the researches by Ngalani et al. [17] and
Setiawan et a. [18] aimed at producing biochar products from coffee husk at relative low pyrolysis
temperatures (< 600°C) and reusing them as acid soil amendments. In brief, the carbonization
processes of the above-mentioned studies only performed at low-mediate pyrolysis temperatures,
and had not focus on the production of resulting biochar products with higher pore properties.

In Taiwan, the natural edible colorants must be in accordance with the regulation (“Sanitation
Standards for Natural Edible Colorants”), which was promulgated by the central competent
authority (i.e., Ministry of Health and Welfare) under the authority of the Food Safety and Sanitation
Act. According to the regulation, plant (or vegetable) carbon, one of the natural edible colorants, must
be produced by the carbonization of vegetable materials such as wood, cellulose, peat and coconut
and other shells at a temperature of above 800°C. To increase the added value of the biochar product
in the commercial market, spent coffee grounds (SCG, one of coffee by-products) were preliminarily
carbonized at a heating rate of 10°C/min up to 850°C for holding 30 min in the previous study [19],
showing that highly porous biochar can be produced from the carbonization of SCG. In the present
study, the proximate analysis, calorific value and thermogravimetric analysis (TGA) of a coffee husk
were initially analyzed to be used as a baseline information. Subsequently, the carbonization at high
temperature for producing biochar products under various process conditions (i.e., heated at 10 and
20°C/min up to 800 and 850°C by holding 0, 30 and 60 min, respectively) was performed by following
the foregoing regulation. The pore properties, textural and chemical characteristics of resulting
biochar products were further determined by using nitrogen adsorption/desorption analyzer,
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and Fourier-
transform infrared spectroscopy (FTIR). These data were further correlated with the carbonization
process conditions.

2. Materials and Methods
2.1. Coffee Husk

Coffee husk used in this work was taken from a local coffee bean manufacturer (Taiwu
Township, Pingtung County, Taiwan). As shown in Figure 1, itis a flake with yellow color. This coffee
by-product was derived from parchment during the washing and drying processes [1-5]. The
biomass sample was dried in an air-circulation oven (set at 105°C) for overnight and then used in all
property determinations (except for proximate analysis) and carbonization experiments without
pretreatments like shredding and sieving. Due to the fact that it is a characteristic of moisture
sorption, the dried coffee husk sample was placed in an another air-circulation oven set at about 60°C.
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Figure 1. Coffee husk used in this work.

2.2. Thermochemical Properties and Thermogravimetric Analysis of Coffee Husk

To evaluate the potential for producing plant carbon products from coffee husk, its
thermochemical properties and thermogravimetric analysis (TGA) were first determined in the work
[20]. We adopted the TGA instrument (Model: TGA-51; Shimadzu Co., Tokyo, Japan) where the dried
coffee husk (about 0.2 g) was heated from 25 to 900°C at various heating rates (i.e., 5, 10, 15 and
20°C/min) under an inert atmosphere by passing nitrogen gas with a flowrate of 50 cm3/min. On the
other hand, the proximate analysis (including moisture, ash, volatile matter, and fixed carbon) of the
biomass sample was also determined by using the Standard Methods of the American Society for
Testing and Materials (ASTM). Its calorific value was obtained by an adiabatic bomb calorimeter
(Model: CALORIMETER ASSY 6200; Parr Co., Moline, IL, USA). To provide the illustrative contrast,
the elemental compositions and oxygen-containing functional groups on the surface of the dried
coffee husk sample were also measured, which will be descried in Sec. 2.4.

2.3.Carbonization Experiments

In this work, the carbonization experiments at high temperature (= 800°C) were carried out in a
vertical fixed-bed furnace with steel-mesh sample holder, which has been described in the previous
studies [21-23]. The temperature profile was from 25°C (room temperature) to the specified
carbonization temperature under a nitrogen (N2) gas (flow rate of 500 cm3/min). To evaluate the
effects of carbonization conditions and also meet the official regulation for the requirements of plant
carbon production, the process parameters included heating rate, carbonization temperature and
holding time, which were designed by the combinations of heating rate (i.e., 10 and 20°C/min),
pyrolysis temperature (i.e.,, 800 and 850°C) and residence time (i.e., 0, 30 and 60 min). Therefore,
twelve experiments were totally performed. About 5 g of the dried coffee husk sample was used for
each experiment. Post-washing treatment was performed to remove fine particles or residues from
the crude biochar products in a 250-ml Erlenmeyer flask. The mixture solution with deionized water
(150 ml each batch) was stirred on a hot plate at about 80°C for 30 min, and then decanted (solid-
liquid separation) for three times. Finally, the solid fraction was placed into an air-circulation oven at
about 105°C overnight. The resulting plant carbon (i.e., biochar) product was denoted by taking an
example. Herein, 1ICFSW853 referred to the resulting biochar was produced from the coffee solid
waste (CFSW) by a heating rate of 10°C/min up to 850°C for holding 30 min.

2.4. Determinations of Textural and Chemical Characteristics of Coffee Husk-Based Biochar Products

In this work, the pore properties of coffee husk-based biochar products focused on specific
surface area, which was determined by an automatic adsorption/desorption instrument (Model:
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ASAP 2020 Plus; Micromeritics Co., Norcross, GA, USA). In the analysis, the Brunner-Emmett-Teller
(BET) theory was initially used to measure the surface area of resulting carbon materials by using
nitrogen (N2) molecule as a probe at -196°C [24,25], giving important information on their physical
pore structures and the potential for adsorption capacities. Prior to this N2 isotherm analysis, the
degassing for heating the sample under vacuum (condition: < 10 umHg at 200°C for about 10 hours)
was performed to remove the moisture and also prevent condensation of vapor. Based on the relative
pressure (P/Po) of ranging from 0.05 to 0.30, the BET surface area can be calculated by plotting a linear
line with high correlation coefficient values (> 0.995). According the data on the BET surface area
values, some resulting biochar products with higher surface area will be further determined to obtain
their pore properties, including pore volume and pore size distribution. Herein, the data on
micropore surface area and micropore volume were estimated by the #-plot method, which was based
on the Harkins & Jura thickness model [24]. In addition, the Barrett-Joyner-Halenda (BJH) equation
was used to plot the pore size distribution [24], featuring the mesopore (pore width or diameter: 2 -
50 nm) size range. On the other hand, the porous textures and chemical properties of some resulting
biochar products and the coffee husk sample on the surface were observed by the sophisticated
instruments, including the scanning electron microscopy (Model: S-3000N; Hitachi Co., Tokyo,
Japan), the energy dispersive X-ray spectroscopy (Model: 7021-H; HORIBA Co., Kyoto, Japan), and
the Fourier transform infrared spectroscopy (Model: FT/IR-4600, JASCO Co., Tokyo, Japan).

3. Results and Discussion
3.1. Thermochemical Characteristics of Coffee Husk

Table 1 listed the data on the proximate analysis and calorific value of coffee husk. Obviously,
this precursor biomass featured high organic (i.e., volatile matter + fixed carbon) and low ash contents
on a dry basis, which shall be consistent with its high calorific value (i.e., 19.87 MJ/kg). Based on the
thermochemical properties of coffee husk, it will be an excellent precursor for producing carbon
materials like biochar under the proper carbonization conditions [26]. To further get its proper
pyrolysis or carbonization conditions, the thermal analysis tool was performed to explore the thermal
decomposition behaviors of the dried coffee husk by the thermogravimetric analysis (TGA). Figure 2
showed its TGA curves and the derivative thermogravimetry (DTG) curves under four different
heating rates (i.e.,, 5, 10, 15 and 20°C/min). Due to the nonconductive feature of lignocellulosic
material [27], it was observed that these curves for all the stages shifted to the right side (higher
temperature intervals) as the heating rate was increased from 5 to 20°C/min. As similar to other
lignocelluloses, the most significant weigh change ranged from 250°C to 450°C, which referred to the
thermal decomposition of lignocellulosic organics (i.e., hemicellulose, cellulose, and lignin). In
general, hemicellulose composition will be first decomposed at lower pyrolysis temperature range
(250-350°C) with a shoulder peak at about 300°C [28,29]. As compared to hemicellulose, the thermal
decomposition (or pyrolysis) of cellulose often takes place in a relatively high temperature range (300-
400°C). In contrast to hemicellulose and cellulose, the thermal decomposition stage of lignin occurred
over a wider temperature range (300-450°C). The thermal decomposition behaviours of the
lignocellulosic components were closely related to their chemical structures. Among them, lignin is
the most stable because of its large polymer with a tridimensional structure. The last pyrolysis stage
at higher temperatures (> 450°C) referred to char forming for lignocellulose biomass. The process
temperature of high than 800°C was adopted in the present study, implying that the resulting biochar
will be highly charred, but has a relative lower yield.

Table 1. Proximate analysis and calorific value of coffee husk.

Property @ Value

Proximate analysis

Moisture (wt%) b 10.82 + 0.09
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Ash (wt%) < (wt%)
Volatile matter ¢ (wt%)
Fixed carbon « 4 (wt%)

Calorific value * (MJ/kg)

0.30+0.14

83.57+0.33
16.13

19.87 +£0.11

2 Mean + standard deviation for three determinations of an as-received coffee husk sample. > As-received basis.
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Figure 2. (a) Thermogravimetric analysis curves of coffee husk and (b) its derivative thermogravimetry
(TGA/DTG) curves at the heating rates of 5, 10, 15 and 20°C/min.

3.2. Pore Properties of Resulting Biochar Products

Table 2 summarized the data on the Brunner-Emmett-Teller (BET) surface area of resulting
biochar products derived from coffee husk. Table 3 further provided the pore properties of the
optimal biochar products (i.e., ICFSW853 and 2CFSW853) produced at the carbonization conditions
of 850°C for holding time of 30 min under 10 and 20°C/min, respectively. To echo the results in Tables
2 and 3, Figure 3 showed the nitrogen adsorption-desorption isotherms (at - 196°C) of the resulting
biochar product with the maximal pore properties (i.e., 2CFSW853). Based on the results in Tables 2
and 3 and Figure 3, the main findings were addressed as follows:

1. Except for the carbonization conditions at 800°C for holding time of 60 min, the data on the BET
surface area of resulting biochar products produced at 20°C/min seem to be significantly higher
those produced at 10°C/min as seen in Table 2. It will be beneficial for operation cost due to the
shorter production time of carbonization process at higher heating rate.

2. The data on the BET surface area of resulting biochar products were not consistent with pyrolysis
temperature and its holding time. However, the maximal pore properties (i.e., BET surface area
values of 155.59 m?/g and 354.96 m?/g) were obtained at the process conditions of 850°C for
holding 30 min under the heating rates of 10 and 20°C/min, respectively.

3. Regarding the pore properties of the optimal biochar products (i.e., 1ICESW853 and 2CFSW853) in
Table 3, they featured the microporous structures. Approximately 70% of the pores belong to
micropores, which correspond to a major pore width or diameter smaller than 2 nm [24].

4. Figure 3 further showed the nitrogen adsorption-desorption isotherms of the optimal biochar
products (i.e., 1ICFSW853 and 2CFSW853), indicating that the combinations of Type I isotherm
(major) and Type VIisotherm (minor). The former referred to microporous materials, but the latter
featured mesoporous materials with the pore size range of 2.0-50.0 nm [24]. By analyzing the data
on nitrogen adsorption-desorption isotherms, we can further depict the pore size distribution
curves of resulting biochar products using the 2D-NLDFT-HS model for a more accurate
description of the textural characteristics [30]. Herein, these curves were not shown, but were
observed at the significant micropore at about 1.6 nm.

Table 2. BET surface area values of of CF-based plant carbon products and theor carbonization conditions.
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7 of 13
Carbonization conditions Plant carbon| BET surface
Heating ratq Pyrolysis temperature (°( Holding time product codg (ar;a ;
me/g
(°C/min (min)
10 800 0 1CFSW800 16.97
30 1CFSW803 55.39
60 1CFSW806 138.57
850 0 1CFSW850 66.53
30 1CFSW853 155.59
60 1CFSW856 16.97
20 800 0 2CFSW800 164.38
30 2CFSW803 222.36
60 2CFSW806 41.73
850 0 2CFSW850 74.81
30 2CFSW853 354.96
60 2CFSW856 49.33
2 Based on relative pressure range of 0.05-0.10 (4-5 points).
Table 3. Pore properties of optimal plant carbon products.
Pore property Plant carbon product code
1CFSW853 2CFSW853
Surface area
Single point surface area (m?/g, at P/Po of about 0.2751) 158.64 361.35
BET surface area (m?/g) ° 155.59 354.96
t-plot micropore area (m?g) ® 107.68 266.30
t-plot external surface area (m?/g) 4791 88.66
Pore volume
Single point adsorption total pore volume of pores less 0.0763 0.183
than about 380 nm (cm?/g, at P/Po of about 0.995)
t-plot micropore volume (cm?/g) ® 0.0545 0.130

2 Based on relative pressure range of 0.050-0.275 (11 points). ® Obtained by using the t-plot method.
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Quantity adsorbed (cm’/g STP)
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Relative Pressure (P/Po)

Figure 3. N2 adsorption-desorption isotherms of optimal plant carbon products (i.e., 1ICFSW853 and 2CFSW853).

3.3. Textural and Chemical Characteristics of Resulting Biochar Products

As described above, the resulting biochar products featured the porous structure based on the
nitrogen adsorption-desorption isotherms. To observe the morphological texture, some biochar
products were performed by the scanning electron microscopy (SEM). Figure 4 provided the SEM
images of coffee husk and the optimal plant carbon product (i.e., 2CFSW853) with two magnifications
(i.e., x500 and x1,000). Obviously, the precursor biomass showed the plant cell wall structure with
nonporous texture [31]. By contrast, the resulting biochar product exhibited a porous texture on the
smooth and rigid surface. On the other hand, the resulting biochar also displayed the shrinking rod-
like structure in the carbon matrix, which could be derived from its vascular organization in the
lignocellulosic biomass (i.e., coffee husk) under the severe carbonization.

(a) Coffee husk

,'n"DlS,Smm 15.0kV %500 « 100um
{
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Figure 4. SEM images (Left: x500; Right: x1,000) of (a) coffee husk and (b) the optimal biochar product (i.e.,
2CFSW853).

To note the changes on the elemental compositions of coffee husk and its resulting biochar
products, the energy dispersive X-ray spectroscopy (EDS), a common attachment to the SEM [31],
was used in this work. As seen and listed in Figure 5, the carbon (C) and oxygen (O) contents (by
molar percentage) of dried coffee husk were 47.93 % and 52.02%, respectively. The ratio (i.e.,
47.53/52.02 =0.92) was close to the molar ratio (about 1.0) of cellulose (CeH1206) in all plants. However,
the carbon contents of two optimal plant carbon products (i.e., ICFSW853 and 2CFSW853) were
higher than 90wt%, showing high charring extents during the severe carbonization processes at 850°C
for holding 30 min. Meanwhile, the oxygen contents were reduced significantly. The results could be
due to the thermal decomposition of lignocelluloses, thus releasing light gases (e.g., H20, Hz, CO,
COz) at higher pyrolysis temperatures and longer holding times.

(a) Coffee husk
Spectum 1
0
Al
o 2 4 & 8 1w 12 14 ® 1.
Full Scale 12846 cts Curzor: 0.000 k]
Element Weight % Atomic %
Carbon 40.843 47.927
Oxygen 59.045 52.015
Aluminum 0.111 0.058
(b) Plant carbon product (ICFSW853)
Spectruri 1
(Y
o 2z 4 & & w2z 14w 1sm
Full Szale 26333 etz Curzor: 0.000 =
Element Weight % Atomic %
Carbon 90.355 92.665
Oxygen 9.355 7.202
Aluminum 0.291 0.133
(c) Plant carbon product (2CFSW853)
Spectrur 1
0 I
o 2 4 8 8 1w 12 14 1 1.
Full Scale 24460 cte Curzor: 0.000 ket

Element Weight % | Atomic % ‘



https://doi.org/10.20944/preprints202505.0118.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2025

10 of 13

Carbon 91.337 93.353
Oxygen 8.663 6.647

Figure 5. Elemental compositions of (a) coffee husk, and plant carbon products (b) 1ICFSW853 and (c) 2CFSW853
by EDS analysis.

Figure 6 further depicted various oxygen/hydrogen-containing functional groups of coffee husk
(denoted as CFS) and the typical biochar product (i.e., 1CFSW853). According to the data on the
functional groups of carbon materials [32-35], the peak at around 3430 cm should correspond to the
hydroxyl (O-H) functional group stretching vibration derived from adsorbed water molecule (H20)
and/or hydrogen-bonded biochar. The peak at about 2920 cm™ may be attributed to C-H stretching
in the biochar product. Furthermore, the peak at about 1643 cm™ can be due to the oxygen-containing
functional groups like C=0, C-O or in-plane vibration of O-H from carboxylic group. The peak at
about 1040 cm™ could correspond to the stretching vibration of C-O group in polysaccharides, or
carbohydrates. On the other hand, the peak heights or regions of the biochar product in Figure 6 were
significantly reduced when compared to those of coffee husk, which were consistent with the data
on the EDS results shown in Figure 5.
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Figure 6. Fourier Transform infrared spectroscopy (FTIR) spectra of coffee husk (CFS) and the resulting plant
carbon (2CFSW853).

4. Conclusions

Coffee husk is one of major by-products during the coffee bean production. Although this
biomass poses the potential for producing carbon materials, the limited studies focused on the
carbonization processes at higher pyrolysis temperatures and faster heating rates. In the present work,
the experiments were performed by the combinations of two heating rates (i.e., 10 and 20°C/min),
two pyrolysis temperatures (i.e., 800 and 850°C) and three holding times (i.e., 0, 30 and 60 min). It
was found that coffee husk is an excellent precursor for producing carbon materials based on its
thermochemical properties like very low ash content. Although the pore properties of resulting
biochar products were not positively related to the carbonization conditions, but the maximal
Brunner-Emmett-Teller (BET) surface area of 155.59 m?/g and 354.96 m?/g) were obtained at 850°C for
holding 30 min under the heating rates of 10 and 20°C/min, respectively. The changes on the textures
and elemental compositions were in accordance with the observations by the scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and Fourier-transform infrared
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spectroscopy (FTIR) of coffee husk and resulting biochar products. In conclusions, the plant carbon
derived from coffee husk and produced at the proper carbonization conditions had a special feature
due to its high values of carbon content (> 90wt%), microporosity (> 70wt%), and BET surface area (>
350 m?/g). Furthermore, this biochar product could be a value-added specialty, which may be one of
natural edible colorants in the market according to the Taiwan's regulation.
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