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Abstract

The primary cause of rising CO, concentrations in the atmosphere is the use of fossil fuels in motor vehicles and factory activi-
ties in industry. CO, levels in the atmosphere can be controlled and reduced by using low-carbon energy and capturing and storing CO,.
One widely used way for CO, capture and storage is adsorption method. This method necessitates the use of an adsorbent, one of which
is activated carbon. In this study, brewed coffee waste was converted into activated carbons, characterized, and tested for carbon dioxide
adsorption. Brewed coffee waste was dehydrated at 105 °C for an hour before being carbonized at 550 °C and activated at 670, 700, and
730 °C, with a 200-ml/min nitrogen injection during activation. Activated carbons with activation temperatures of 670, 700, and 730 °C
were denoted as AC-670, AC-700, and AC-730, respectively. A series of TGA, SEM, and adsorption isotherm tests were used to deter-
mine the proximate components, surface morphology, and surface structure of the activated carbons produced. To assess the adsorption
capacities of activated carbon on CO,, the gravimetric CO, adsorption isotherm method was used. According to the findings of the
study, increasing activation temperatures cause variable properties in activated carbon. When using an activation temperature of 700 °C,
the most appropriate properties of activated carbon can be obtained. It has 425.843 m?/g specific surface area, 0.345 cm?/g pore volume,
3.423 nm pore diameter, 235.628 cm’/g nitrogen adsorption capacity, and 4.183 mmol/g CO, adsorption performance. This study pro-
vided a simple way converting brewed coffee waste into activated carbon with excellent performance for CO, adsorption.
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1. Introduction

The increase in human activity and productivity in the industrial sector is one of the rea-
sons for the increasing concentration of carbon dioxide (CO,) in the atmosphere [1]. Even now, the
concentration has surpassed 412 mole fraction (ppm) [2], and it is predicted to rise further in the
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coming year. The use of fossil fuels is a major contributor to the CO, content of the atmosphere [3].
This is due to the fact that, until recently, fossil fuels were the primary source of energy [4].
Excess CO; in the atmosphere can cause the greenhouse effect, rising sea levels, extreme weather,
and global warming [1], all of which are serious environmental issues that, in the long term,
threaten life on Earth. This is a serious problem that has received attention from the international
community, and various efforts must be made to control and reduce CO, concentrations in the
atmosphere. Controlling and reducing CO, emissions from industry can be accomplished through
two methods [1]; increasing the use of low-carbon energy [5] and capturing and storing CO, [4].
Carbon dioxide capture and storage is widely regarded as the most important technology for
lowering CO, emissions in the atmosphere [6]. Adsorption of CO, using an adsorbent is one of the
most effective methods because of its low energy consumption and wide application [7]. Materials
that have been used as adsorbents include: activated carbon [8, 9], zeolite [10], and metal-organic
frameworks [11]. Activated carbon is the most effective and widely used adsorbent [12] due to
its wide availability, high thermal stability, low cost [13], and its pore structure with a large pore
volume and a high specific surface area.

As a carbon-based substance known as activated carbon, it possesses a complex pore struc-
ture, a huge pore surface area, the ability to chemically alter its surface, and a variety of methods
for modifying the porous structure [14]. Activated carbon is often made from a variety of raw
materials that have a high carbon content and a low inorganic content and is commonly manufac-
tured by dehydration, carbonization, and activation steps. In order to reduce the cost of producing
activated carbon, the manufacturing process’ efficiency must be improved by using less expensive
raw materials and activating processes at lower temperatures. Biomass is a plentiful and reason-
ably priced source of raw materials [15], which includes bamboo [16, 17], sawdust [18-20], agri-
cultural waste [21], rice husk [22], and others. Coffee is one of the most prevalent biomasses and is
the second largest commodity in world trade [23]. The large commodity of coffee produces a sig-
nificant byproduct in the form of coffee waste. Chemically converting coffee waste into activated
carbon with variations in the impregnation ratio, has been researched, and is used for a variety of
purposes. Activated carbon produced using KOH activating agent with impregnation ratios (IR)
char/KOH 1:0, 2:1, 1:1, and 2:3 was used to adsorb caffeine [24]; activated carbon-KOH activa-
tion with an IR of 9:1 was applied for capacitive deionization [25]; and activated carbon-H;PO,
activation with an IR of 50 and 100 % wt. was used for organic matter removal from landfill
leachate [26]. However, finding coffee waste-activated carbon that has been physically activated
and used to absorb CO, is difficult. Although physical activation is simpler than chemical activa-
tion and does not involve chemicals that could lead to new sources of pollution, the reason why
it is not used in the journals surveyed is not explicitly stated. As a result, researching the use of
physical activation in the production of activated carbon from coffee waste and its application
to CO, adsorption is extremely important.

The goal of this study is to propose a low-cost and efficient method for physically convert-
ing brewed coffee waste into activated carbon at various activation temperatures by employing
N-doping as an activating agent. It was investigated how activation temperatures affect activated
carbon properties such as proximate composition, morphology, and surface texture. Furthermore,
the activated carbons were used for CO, adsorption and their performance was compared to that of
some chemically activated carbons.

2. Materials and methods

2. 1. Preparation of Activated Carbons

Brewed coffee waste was collected from a small coffee shop in Denpasar City, Bali, Indonesia.
The material was dehydrated for an hour in a programmable electric furnace set at 105 °C before
being cooled to room temperature. The dehydrated sample was then carbonized by raising its tem-
perature to 550 °C in an oxygen-free environment, holding it for 25 minutes, and then allowing it
to cool in the furnace for 12 hours. After that, a 60-mesh was used to weave the carbonized sample.
Three temperature activations were used: 670, 700, and 730 °C with a 25-minute and 12-hour hold-
ing and cooling periods, respectively. A 200 ml/min nitrogen was injected during activation into
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the reactor housing the sample. The activated carbons yielded were designated as AC-670, AC-700,
and AC-730, respectively, for the temperatures at which they activated.

2. 2. Characterization of Activated Carbons

A series of characterizations, including proximate, SEM, and adsorption isotherm tests, were
performed to determine the proximate composition, surface morphology, and surface texture of
activated carbon, respectively. The thermogravimetric analyzer, TGA 701 device (ASTM D7582
MVA Biomass), SEM-JSM-6510LA, and Quantachrome Nova Instruments Version 11.0 were
used for proximate, surface morphology, and surface texture characterization, respectively.
The surface texture of activated carbons includes BET surface area (Spg7), pore volume (Vp),
and average pore diameter (Dp). Szer was determined at relative pressures of 0.099-0.296,
0.097-0.304, and 0.1-0.296 for AC-670, AC-700, and AC-730, respectively, using BET (Brunaeur-
Emmet-Teller) analysis.

2. 3. CO, Adsorption Isotherm Tests
The schematic of the gravimetric CO, adsorption isotherm test is depicted in Fig. 1.

r Analytical balance

/— CO, tube

Flow Meter J

Vacuum pump
Specimen

Tubular electric furnace

Fig. 1. Schematic of CO, adsorption isotherm test using gravimetric method

The weight of the chamber in which the sample is placed is recorded as m.. The chamber
is partially filled with activated carbon AC-670. The chamber is then attached to a wire that is
connected to a digital balance. The glass tube is then installed so that the chamber and wire are
contained within it. The glass tube’s end is inserted into the vertical tubular furnace until the entire
chamber is inside. To remove the remaining gases in the activated carbon, a degassing process is
carried out by heating the sample to 200 °C and then vacuuming for 30 minutes. The sample was
then cooled to room temperature, and the chamber, which contained activated carbon AC-670 was
then weighed and recorded as m;. Furthermore, the temperature of the tubular electric furnace was
set to 30 °C, and CO, was injected into the sample at a constant pressure of 1 bar once the set tem-
perature was reached. The chamber mass change is measured using a digital analytical balance
and automatically recorded as an excel file on a computer. When the mass change is constant, it
indicates the adsorption equilibrium has been reached and the test was completed. The adsorption
process’s final mass was determined and expressed as my. The test was repeated three times, and
the same procedure was used to evaluate AC-700 and AC-730 activated carbons. The total mass of
CO, absorbed (mco,) is defined as the difference between n1yand m; and can be calculated using (1).
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The specific adsorption capacity (Sco,) of activated carbon was calculated using (2), where MrCO,
is the relative molecule mass of CO, (44 g/mol), and m,. is the mass of activated carbon (g) that was

obtained using (3):
mco, =my —m;, (), Q)]
mco, mmol
Sco, —m~1000( . ) @
Mge = M; — M. A)

3. Result and discussions

3. 1. TGA analysis

Fig. 2 depicts the composition of proximate activated carbon as determined by the TGA test.
The moisture, volatile, ash, and fix carbon contents of activated carbon range from 7.7-8.56 %,
13.68—16.79 %, 3.78-5.05 %, and 71.71-73.62 %, respectively. Increasing the activation tempera-
ture resulted in fluctuating compositions of moisture, volatile, and ash. The higher the activation
temperature, however, the higher the fix carbon, though the increase was not significant. Except
for AC-670, whose volatile content exceeds 15 %, AC-700 and AC-730 activated carbons have
a proximate composition that meets the Indonesian National Standard SNI 06-3730-1995, which
requires a maximum of 15 %, 25 %, and 10 % for moisture, volatile, and ash, respectively, and at
least 65 % fix carbon. According to Fig. 2, no activated carbon outperforms the others in terms
of proximate composition. A good composition of activated carbon has a high fix carbon content,
low ash, moisture, and volatile content [27].
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Fig. 2. Proximate components of activated carbons

3. 2. Adsorption isotherm and pore size distribution

The adsorption and desorption isotherm curve, shown in Fig. 3, represents the relation-
ship between the amount of nitrogen absorbed and released by activated carbons at various re-
lative pressure levels.

There was a significant increase in nitrogen uptake with increasing relative pressure on ac-
tivated carbon, except for AC-730. As the relative pressure rises, more nitrogen molecules enter the
activated carbon pore volume. Because of the low pore surface area and pore volume of AC-730, as
shown in Table 2, its storage capacity is also limited. The lack of significant adsorption at relatively
low pressures indicates that there is no filling process in microporous of activated carbon due to
mostly pores of activated carbon are mesoporous and almost without microporous. This matches
with the average pore diameter of activated carbons, which is mesoporous, as shown in Table 1.
Another indication of mesoporous activated carbons is the presence of a hysteresis loop on the
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adsorption-desorption isotherm curve, as shown in Fig. 3. The graph of the adsorption isotherms
of AC-700 yields the highest adsorption at each relative pressure, indicating that adsorption by
AC-700 is most effective compared to AC-670 and AC-730 due to its most appropriate surface
structure characteristics, as shown in Table 1.

2504| —=— Ads AC-670
—o— Des AC-670
—4a— Ads AC-700
—v— Des AC-700
—e— Ads AC-730
1504| —o— Des AC-730

200

100 ~

Nitrogen adsorbed (cm3/ 2)

4
(=)
1

Relative pressure (P/Po)

Fig. 3. Adsorption and desorption isotherm of activated carbons

The pore size distribution (PSD) of AC-670, AC-700, and AC-730 with a pore range of
up to 30 nm and 6 nm in the inset image is shown in Fig. 4. The PSD graph depicts the relation-
ship between the nitrogen specific adsorption capacity of activated carbon at various pore sizes.
The pores of AC-670 are bimodally distributed, with two peaks located in the mesoporous region
at around pore diameters of 3.5 nm and 6.5 nm, with an adsorption capacity of 0.05 cm’/g/nm
and 0.02 cm?/g/nm, respectively. AC-700 has a single peak (0.068 cm?/g/nm) at a pore diameter
of 3 nm and is monomodally distributed. Meanwhile, AC-730 has three peaks that are distributed
throughout the mesoporous region (2-50 nm), with the highest peak (0.014 cm?/g/nm) obtained
at a pore diameter of 2.5 nm.
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Fig. 4. Pore size distribution (PSD) of activated carbons with pore size until 30 nm
and was set until 6 nm (inzet)

Fig. 5 illustrates the PSD and cumulative PSD of activated carbon. The cumulative amount of
nitrogen absorbed in the pore size distribution of activated carbon is referred to as PSD cumulative.
The cumulative PSD of activated carbon is the same with the pore volume of activated carbon, as
shown in Fig. 5 and Table 1. As the activation temperature rises, the pore volume fluctuates, with
AC-670, AC-700, and AC-730 having pore volumes of 0.212, 0.345, and 0.017 cm’/g, respectively.
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Fig. 5. PSD and PSD cumulative of activated carbons

3. 3. Surface structure and morphology of activated carbon

Table 1 shows the surface structure of activated carbons including the specific surface
area (Spgr), specific pore volume(Vp), and average pore diameter (Dp). Activated carbon’s Sgy,
Vp, and Dp values ranged from 67.798 to 425.843 m>/g, cm¥/g, and 2.006-3.423 nm, respectively.
Increasing the activation temperature from 670 to 700 °C increased the Sggr by 21.50 %, the Vp by
62.73 %, and the nitrogen adsorption by 71.38 %. The Sggz, Vp, and nitrogen adsorption capacity
decreased by 84.07 %, 95.07 %, and 94.43 %, respectively, when the temperature was raised from
700 to 730 °C. Spgr increases proportionally to the amount of V» and nitrogen adsorbed.

Table 1
Surface structure of activated carbons
Surface Structure N, adsorbed
Sample
Sger (M?/g) Ve (cm*/g) Dp (nm) (cm*/g)

AC-670 350.491 0.212 2.422 137.487
AC-700 425.843 0.345 3.423 235.628
AC-730 67.796 0.017 2.006 13.105

Several researchers used coffee waste precursors to investigate the surface structure of ac-
tivated carbon. It was reported that activated carbon from coffee grounds activated using chemical
activation (KOH) with a 9:1 impregnation ratio produced a surface pore area of 323.167 m?/g,
a pore volume of 0.2607 cm?®/g, an average pore diameter of 3.716 nm, and nitrogen adsorption
capacity of 145 cm’/g [25]. Activated carbon from ground coffee waste produced a pore surface
area of 23.3-579.9 m?/g, a pore volume of 0.068—0.365 cm?/g, and an average pore diameter of
2.4-5.6 nm after a series process of carbonization at 600 °C and activation at 650 and 700 °C
with an activating agent CO, [28]. Activated carbon from ground coffee was also chemically
produced using H3POy4 in 50 and 100 % ratios, pyrolysis temperatures of 350 and 500 °C, and
produced an average pore surface area, pore volume, and pore diameter of about 188-2118 m?/g,
0.030—-0.182 cm?/g, and 2.5-34 nm, respectively [26]. According to the journals surveyed, activa-
ted carbon made from ground coffee produces an average pore diameter in the mesoporous
range (2-50 nm), and including result obtained in this research.

Fig. 6 shows the surface morphology of activated carbons AC-670, AC-700, and AC-730
at 5000x magnification. The surface morphology of three activated carbons is distinguished by
heterogeneity, irregular pore shapes, and the distribution of cavitation. The carbonization and ac-
tivation processes resulted in the formation of these pores. The surface morphology is hard to dif-
ferentiate from the SEM image in this study. The surface structures of activated carbons, however,
have been resolved using an adsorption isotherm test, as shown in Table 1.
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Fig. 6. Surface morphology of activated carbons at 5000x magnification:
a— AC-670; b — AC-700; ¢ — AC-730

3. 4. Adsorption of CO,

The CO, adsorption capacities of activated carbons is displayed in Table 2. As is the
case with surface structure and nitrogen uptake, increasing the activation temperature also
results in fluctuating CO, adsorption capacity. Increasing the activation temperature from 670
to 700 °C resulted in an average increase of 28.05 % in CO, adsorption. The adsorption capacity
decreased by 33.64 %, from 4.1833 mmol/g to 2.7758 mmol/g when the temperature was raised
from 700 to 730 °C. The CO, adsorption capacity of activated carbon is closely related to its
pore structure and pore size distribution. When compared to AC-670 and AC-730, activated
carbon AC-700 has the highest CO, adsorption capacity due to its larger pore surface area, and
larger pore volume.

Table 2
CO; adsorption on the activated carbons
Samples Initial mass Final mass Adsorbed mass
m; (g) my(g) mco, (g) Sco, (mmol/g)
AC-670 1.5696 1.6334 0.0638 2.9000
1.5710 1.6415 0.0705 3.2045
1.5923 1.6736 0.0813 3.6955
Average 1.5776 1.6495 0.0719 3.2667
AC-700 1.7493 1.8461 0.0968 4.4000
1.7106 1.7968 0.0862 3.9182
1.7367 1.8298 0.0931 4.2318
Average 1.7322 1.8242 0.0920 4.1833
AC-730 1.7202 1.7897 0.0695 3.1591
1.7165 1.7672 0.0507 2.3045
1.7312 1.7942 0.0630 2.8636
Average 1.7226 1.7837 0.0611 2.7758

There have been numerous studies on CO, adsorption on various adsorbents, some of which
are listed in Table 3. The waste-activated carbon from brewed coffee, particularly AC-700, has
a higher CO, adsorption capacity than most other adsorbents but is still inferior to sugarcane ba-
gasse-activated carbon with KOH activation and Brazil nut shell-activated carbon with N-doping
KOH activation. Thus, brewed coffee waste is a promising alternative raw material for the produc-
tion of activated carbon because it can only be physically activated using nitrogen to yield activated
carbon with a CO, adsorption rate comparable to other chemically activated adsorbents. In addi-
tion, by not requiring chemicals in its manufacturing process, it can reduce costs while producing
no new waste.
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Table 3
The comparison of CO, adsorption performance
Materials/activated carbons CO; adsorption (mmol/g)

Sugarcane bagasse activated carbon, KOH activation [1] 1.66—4.8
Rice husks activated carbon, CO, activation, and washed with K,COs [22] 0.5-3.5
Olive pomace activated carbon, K,COj3 impregnation, N-doping [29] 0.79-3.15
Microalgae/poplar sawdust activated carbon, N-doping [30] 2.38-4.14
Bamboo activated carbon, KOH activation [31] 1.25-3.25
Waste walnut shell activated carbon, N-doped, KOH, K,CO3 and ZnCl activator [32] 0.38-5.13
PAN-based activated carbon [33] 0.3-1.2
Potassium bitartrate-derived porous carbons (at 25 °C) [34] 2.68-3.55
Brazil nut shells-activated carbon, KOH-activation and N-doping using melamine [14] 4.16-5.30
Biomass chitosan and graphitic carbon nitride, N-doping [35] 2.94-3.91
Maize Cob Waste-Activated carbon, CO; activation (MCW (PA)3 h) [36] 1.62-1.71
Olive pomace-activated carbon, steam-K,COj3 activation [29] 1.72-3.15
N-doped hierarchically ordered micro-mesoporous carbons (NHOMCs) [12] 2.17-4.02
Face masks-activated carbon, KOH activation, 800 °C [37] 39
Brewed coffee waste-activated carbon, N-doping [this study] 2.77-4.18

3. 5. Limitations of the research and directions of its development

This investigation is still ongoing in the laboratory. More study is required before they
may be used in practical settings, such as to adsorb CO, from factories or motorized vehicles.
Future research on activated carbon is likely to focus on issues related to the design of activated
carbon storage containers and determining how to regenerate activated carbon in an inexpensive
and simple manner.

4. Conclusions

Brewed coffee waste has been successfully converted into activated carbons with nitrogen dop-
ing at various activation temperatures, capable of producing a surface area of 67.794-423.843 m?/g,
a pore volume of 0.017-0.345 cm?/g, and an average pore diameter of 2.06-3.423 nm. Activation at
700 °C (AC-700) resulted in a combination of micro-and mesoporous structures, dominated by me-
soporous structures. With an average pore diameter of 3.423 nm, an Sggy value of 425.843 mz/g, and
a pore volume of 0.345 cm’/g, AC-700 produces high adsorption of CO,. At a pressure of 1 bar and
a temperature of 30 °C, this activated carbon has a specific adsorption capacity of 4.18 mmol/g.
Thus, the application of physical activation with a nitrogen-activating agent at a temperature of
700 °C produces brewed coffee waste-activated carbon with optimal characteristics and high per-
formance for CO, adsorption. However, this research is still in laboratory scale and in the future
research needs to find out the way to apply in real condition.
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