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Abstract

This study aimed to remove CO2 from air-CO2 mixture using natural zeolite-
based adsorbent pellets through adsorption and to regenerate the adsorbents using
air through desorption. The experiment was conducted to determine the
percentage of CO2 removal and breakthrough curve characteristics by varying the
flow rate of the air-CO2 mixture and the type of adsorbent pellet. The residual
CO:2 content of purified gas was analysed every minute and stored in the gas
collector. Pure air with ambient temperature ranging from 30 to 40 °C flowed
through a column for desorption of CO: in the saturated pellet adsorbent. Results
concluded that the best percentage of CO2 removal was 92.5% by using adsorbent
pellet with particle size of 140 mesh, calcination temperature 400 °C for four
hours and a flow rate of mixed gas at 200 ml/min. This characteristic also
described the optimum CO:2 desorption that is achieved at 40 °C of air
temperature and flow rate of 200 ml/min for 20 minutes. The adsorption
equilibrium was fitted using Langmuir isotherm with R? correlation value of
0.9962. Modelling of adsorption kinetics to describe breakthrough curve used
pseudo-order and Elovich kinetics. The results showed that the pseudo-order
kinetics provided good results under operating conditions.
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1. Introduction

In 2016, palm oil production in Indonesia reached 35 million tons obtained from
10.8 million hectares of plantations [1, 2]. Every ton of crude palm oil produces 2.5
tons of palm oil mill effluent (POME). In 2015, Indonesia produced 79.2 million
tons or equivalent to 89.7 million m® of POME [3]. If 1 m® of POME can generate
28 m?® of biogas [4], then this country can produce 2511.6 million m? of biogas,
wherein 1 m® of biogas can generate 2 kWh of power with the total the power
potential of 5.02 billion kWh per year [5].

One of the problems in converting biogas from POME is the undesirable high
CO; content in biogas. Biogas consists of 55%—70% CH4, 30%-45% CO, and other
components in small quantities, such as H,S (1000 ppm-3000 ppm), NH3 (80 ppm-—
100 ppm) and hydrocarbons (< 100 ppm) [6]. Every 15 m® biogas with 35% CO;
can produce 98 kWh of energy, whereas 13 m? biogas with 5% CO, can generate
125 kWh of energy [7]. Reducing CO; levels in biogas increases the calorific value
to produce energy.

Techniques in removing CO, from biogas include chemical and physical
adsorption, pressure swing adsorption, cryogenic separation, membrane separation,
biological-chemical CO; fixation and absorption [8, 9]. This research focused on
applying adsorption for CO2 removal. A material with large surface area and highly
selective adsorption capacity [10] can be used as an ideal adsorbent for CO;
removal. One of the dense adsorbents that can purify biogas is zeolite. In Indonesia,
natural zeolite deposit is abundant, and its purity is high enough with silica content
of 60%. Activated and modified natural zeolite can be used as the adsorbent for
biogas [11]. The structure of zeolite can be used for adsorption of H,O, CO,, SO,
and H.S contents, but it does not adsorb CH4[12]. The adsorption ability of zeolite
for these gases is up to 25% [13]. This study aimed to remove CO; from air-CO;
mixture using natural zeolite-based adsorbent pellets through adsorption. The CO;
adsorbed by the adsorbents was removed using fresh air through desorption to
regenerate the adsorbent, thus creating a continuous process.

The use of natural zeolite as an adsorbent to adsorb CO, has been previously
studied. However, this research synthesized the natural zeolite-based adsorbents by
firstly forming them into pellets and then calcining these materials. In addition, the
natural zeolite-based adsorbent pellets were designed to remove the CO, content in
the biogas produced from previous research [14]. The CO; content in biogas within
range the 30%—40% was reduced to < 10%.

2. Materials and Methods
2.1. Materials

Natural zeolite was used as an adsorbent pellet purchased from PT. Indah Sari Windu,
West Java, Indonesia. In this study, biogas feeds were modelled using air and CO;
mixtures with a content of CO, 35%-40% (v/v). Water (H.O) was used as a
supporting material and as a natural adhesive to form the zeolite particles into pellets.

2.2. Experimental setup

The experiments were conducted in Ecology Laboratory at the Chemical Engineering
Department, Universitas Sumatera Utara. Figure 1 shows the laboratory scale of
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adsorption column as a purifier. Adsorption was conducted in a column with internal
diameter of 9.1 cm and height of 91 cm. The adsorbents were placed in a column that
is 45 cm high. The column had a manometer and flow metre to measure the column
pressure and air-CO, mixture flowrate, respectively. Supporting equipment includes
air chamber, air supply, CO; tank and inline mixer. Inlet and outlet CO, concentration
of the column was measured by SAZQ biogas analyser, which was manufactured by

Beijing Shi’an Technology Instrument Ltd., China.

2.3. Methods

Adsorbents manufacturing

Air Supply
CO2 Bomb
Air chamber
Mixer inline

Adsorption Column
Gas Flowmeter (UW-1457)

Outlet gas

CO2 Regulator

Gas flowmeter (UW-1457)
Clamp with stand

Manometer

. Bed Adsorbent

Gas Collector

Fig. 1. Experimental set-up.

Adsorbents with various particle sizes and treatments were synthesized.
The particle size variations were 50, 100 and 140 mesh, whereas the variations
of temperature calcination were at 200 °C, 300 °C and 400 °C for 2, 3 and 4
hours, respectively. Table 1 summarises the type of all adsorbents manufactured
in this research.

Table 1. The type of main adsorbent manufactured in this research.

*k K

No. 4 T<° ™ No. & T& 7 No. & T t
1 140 400 4 10 140 200 4 19 50 400 4
2 140 400 3 11 140 200 3 20 50 400 3
3 140 300 4 12 140 200 2 21 50 400 2
4 100 400 4 13 100 400 2 22 50 300 4
5 100 400 3 14 100 300 3 23 50 300 3
6 100 300 4 15 100 300 2 24 50 300 2
7 140 400 2 16 100 200 4 25 50 200 4
8 140 300 3 17 100 200 3 26 50 200 3
9 140 300 2 18 100 200 2 27 50 200 2

* Particle sizes of natural zeolite (mesh)

™ Calcination temperature (°C)
™ Calcination time (hours)
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Adsorption

The adsorption was conducted by placing the adsorbents into the column. Air and
CO, were mixed into the air chamber until a constant concentration of CO; of 40%
(v/v) was achieved. The mixed gas was fed into an inline mixer to maximise the
mixing. The flow rate of mixed gas varied at 200, 400 and 600 ml/min. The
adsorption was performed for 30 minutes at pressure of 1 atm. The residual CO;
content of purified gas was analysed every minute by SAZQ biogas analyser and
stored in the gas collector. The collected data were used to determine CO; removal
efficiency, breakthrough curve, equilibrium adsorption, adsorption kinetics and
capacity and breakthrough time.

Desorption

For desorption, pure air was used as a carrier at an ambient temperature ranging
from 30 °C to 40 °C. Adsorption—desorption experiment was conducted in
series (consisted of three runs) by using the same type of adsorbent (type A) at
the mixed gas flow rate 200 ml/min. Saturated adsorbent from the adsorption
(Run 1) was regenerated through desorption at ambient temperature. This
regenerated adsorbent was reused for Run 2 and then regenerated at 30 °C and
then used for Run 3 and regenerated at 40 °C. The output air was analysed every
minute by SAZQ biogas analyser until the CO. concentration was 0. The
collected data were used to determine CO; removal efficiency and adsorption—
desorption cycle time.

Langmuir adsorption equilibrium

Equation (1) [15] shows that the experimental data obtained were fitted by
adsorption equilibrium of Langmuir.
c. 1 +Ce 1)

e

0 K, Oy

where gn is the adsorption capacity (ml/g), K is the Langmuir equilibrium constant
(ml/g), ge is the amount of adsorbate per mass of adsorbent (ml/g) and C. is the
concentration of adsorbate at equilibrium.

Modelling of adsorption kinetics

The adsorption kinetics used in this study is pseudo-first order kinetics and Elovich
kinetics. Equations (2) and (3) show the equations of pseudo-first order and
Elovich, respectively [15].

K
lo —-g)=Io Lt 2
o(9 —a,) 99 +>=03 )

q:émwm+;mt ®)

where @ is the amount of adsorbate at time t (min), K is the rate constant of the
pseudo-first order (min™), ge is the adsorption equilibrium capacity (ml/g) and «
and g are the Elovich constants.
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3. Results and Discussion
3.1. Effect of flow rate on percentage of CO; removal in air-CO, mixture

The percentage CO, removal was measured using the same type of adsorbent (140
mesh, 400 °C for 4 hours) and varying the flow rate of the air-CO, mixture at 200,
400 and 600 ml/min for 30 minutes. Figure 2 shows that the percentages of CO;
removal at flow rates of 200, 400 and 600 ml/min were 92.5%, 82.5% and 60%,
respectively. Therefore, if the flow rate is slow, then the percentage of CO2removal
increases with the residence time. These results are consistent with those reported
by Kesnawaty [16], who revealed that if the flow rate is low, then the contact time
between gas—adsorbent in the adsorption column becomes long. Thus, the
percentage of removal increases because the time is sufficient for the gas molecules
to diffuse into the adsorbent pores [16]. Basu et al. [17] assumed that the mass
transfer rates increase at high flow rates but lead to fast saturation. Conversely, the
adsorption capacity decreased with the increase in flow rate because the residence
time of adsorbate in the column was short.

100

90 1 - .- Target >75%
80 1
70 A
60 A
50 A
40
30 A

Removal efficiency (%)

20 1

10 1

0 -

200 400 600
Flow rate (ml/min)

Fig. 2. Effect of mixed gas flow rate on the percentage of CO2 removal.

3.2. Effect of pellet particle size on percentage of CO2 removal in air-
CO;, mixture

The effectiveness of CO, removal must be evaluated by using different adsorbent
particles to achieve a CO; removal target to determine the ability of zeolite as an
adsorbent for CO, removal [13]. This research aimed to obtain adsorbent pellets
that can reduce CO; content to + 10%. The CO; content in biogas from POME is
approximately 40%-60% [18]. The presence of CO; in biogas does not decrease
the heating value, but most engines work optimally using biogas as fuel when the
CO; content is below 10%. In Sweden, the components of CO,, O, and Nz in biogas
should be below 5% by volume to allow usage as a vehicle fuel as requested by
Swedish motor industry [19]. Table 2 shows the types of adsorbent, which can
reduce CO, content below 10%. The acceptable CO, removal efficiency in this
study was > 75%. The pellet adsorbent with the lowest efficiency was type F with
75% efficiency.
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Figure 3 presents the percentage of CO removal from the air-CO, mixture for
each type of adsorbent pellet with zeolite particle sizes of 50, 100 and 140 mesh at
calcination temperature 400 °C. The figure shows that the 140-mesh adsorbent
pellet could reduce CO; content with the highest removal efficiency compared with
the 100- and 50-mesh pellets. This phenomenon occurred because the 140-mesh
size has a larger surface area than the 50- and 100-mesh sizes. The adsorption
capacity was determined by the surface area of the adsorbent. The amount of
adsorption was proportional to its surface area. The smaller the particle size of the
adsorbent, the larger the surface area and the greater the adsorption capacity [20].

Table 2. Types of adsorbent, which can reduce CO2 content below 10%.

Initial CO2 Final CO- Removal
Adsorbent - . o

types concentration concentration efficiency

(% viv) (% viv) (%)

A 40 3 92.50

B 40 5 87.50

C 40 6 85.00

D 40 6 85.00

E 40 7 82.50

F 40 10 75.00

100
-—. Target >75%

90 A

80 1

70

60

50

40 A1

30

Removal efficiency (%)

20 1

10 A

50 100 140
Particle Size (mesh)
Fig. 3. Effect of pellet particle size on percentage of CO2 removal.

3.3.Breakthrough curve

The breakthrough curve data of CO, removal must be obtained to determine the
breakthrough time and adsorption capacity [16]. Figure 4 shows the breakthrough
curve of CO, removal by various types of pellet adsorbent at the flow rate of 200
ml/min. From the breakthrough curve, the adsorption capacity can be seen. If the ratio
value of initial and final CO, concentration approach to one (C/C, = 1), then the
adsorbent becomes saturated, and the adsorption becomes ineffective. If the
breakthrough curve progressively moves to the right, then the adsorption saturates for
along time. A long breakthrough indicates great adsorption capacity. This experiment
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aimed to obtain the adsorption capacity from six types of adsorbent at air-CO;
mixture with flow rate of 200 ml/min. The optimum adsorbent type obtained was
used again at different flow rates of at 400 and 600 ml/min. Figure 5 shows the effect
of various pellet adsorbents on CO; adsorption capacity at flow rate of 200 ml/min.
The highest adsorption capacity of 0.09236 mmol/g was achieved for particle pellet
type A with the longest breakthrough time of 16.7 minutes.

1 A

—*Type A — T
09 | “*TypeB o
“*Type C
08 { ~<TypeD
“=Type E
0.7 1 —O—Type F
e 0.6 1
4
O 05

0.4

0.3

0.2

0.1

0 -

1 3 5 7 9 1 13 15 17 19 21 23 25 27 29 31
Adsorption time (min)

Fig. 4. Breakthrough curve of COzremoval in air-CO2
mixture at flow rate 200 ml/min with various of adsorbent types.
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0.08 A
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Fig. 5. Effect of adsorbent types on COz adsorption
capacity in air- CO2 mixture at flow rate 200 ml/min.

Figure 6 shows the breakthrough curve of CO, removal by various air-CO;
mixture flow rates using pellet particle of 140 mesh and calcination temperature of
400 °C for 4 hours (type A). Figure 7 shows the effect of flow rate on CO;
adsorption capacity by using the same adsorbent. The highest adsorption capacity
was achieved at flow rate of 400 ml/min with a breakthrough time of 10.7 minutes,
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and the largest breakthrough adsorption capacity was 0.118 mmol/g. Therefore, if
the breakthrough time becomes long and the flow rate becomes high, then the
breakthrough adsorption capacity also increases. This result is consistent with those
reported by Kesnawaty (2010), who stated that the value of adsorption capacity
becomes small [16] when the breakthrough time is short. The greatest breakthrough
time for all variations of air-CO, mixture flow rate and types of pellet adsorbent
was achieved by the adsorbent type A and flow rate of 200 ml/min with a
breakthrough time of 16.7 minutes. However, this result was relatively small, and
the adsorption—desorption was frequently conducted.

1 -
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Fig. 6. Breakthrough curve of CO2 removal using
adsorbent type A at various of air-COz mixture flow rate.
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Fig. 7. Effect of flow rate on CO>
adsorption capacity by using adsorbent type A.
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3.4. Adsorption equilibrium

The kinetics data of CO» removal should be obtained to predict the ability of an
adsorbent to adsorb a certain component [21]. Equation (1) [15] presents that the
experimental data obtained were fitted by adsorption equilibrium of Langmuir.

CO; adsorption equilibrium was determined by plotting (Ce/ge) versus (Ce).
Figure 8 shows the curve (Ce / ge) versus (Ce) on gas removal using adsorbent pellet
type A at flow rate 200 ml/min. The curve formed a linear line with good
conformance, where the results obtained the R? correlation of 0.9962 with
Langmuir equation:

Ce

~& = 0.109+2.082C, (4)
e
1.2
¢ Data —Linear (Data)
10 i
y=2.0821x+0.109
R*=0.9962
0.8 4
&
< 0.6 A
O
*
0.4 A -
o
0.2
0.0 T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Ce (ml/g)

Fig. 8. Plot for Langmuir isotherm for the adsorption of CO..

3.5. Adsorption Kinetics

CO; adsorption Kinetics was identified using various adsorbent types. The six types
of adsorbent with the removal efficiency of > 75% determined the adsorption kinetics.

Pseudo-first order kinetics was verified by creating a slope and intercept of
pseudo-first-order plots between log (ge-Q:) versus t. Determining a kinetic model
depends on the coefficient of determination (R?). A suitable kinetic model must
have an R? value that is high or close to 1 [22]. Elovich kinetic was verified from
slope and intercept plots between gt versus In t. Figures 9 and 10 show the removal
of CO; in air-CO, mixture using adsorbent type A at a flow rate of 200 ml/min.

These figures show that the R? value of Elovich kinetics is lower than that of
the pseudo-first order kinetics. Therefore, the best and acceptable kinetic model is
the pseudo-first order kinetic because it has a high R? value of 0.9848, indicating
its suitability to serve as a kinetic model for CO; adsorption system on air-CO,
mixture. Table 3 shows the kinetic parameters for CO, adsorption with various
adsorbent types.
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Fig. 9. Pseudo-first order Kinetic plots for the adsorption of CO..
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Fig. 10. Elovich kinetic plots for the adsorption of COa..

Table 3. Kinetic parameters for COz adsorption at various adsorbent type.
Pseudo-first order Elovic
Types K1 Qe 2 2

(min})  (mgg) " “ / R
0.0016 6.362 0.984 4.168 0.501 0.974
0.0011 6.489 0.987 9.066 0.786 0.974
0.0009 6.534 0.904 12.610 0.877 0.975
0.0009 6.510 0.926 10.152 0.820 0.978
0.0009 6.523 0.901 10.183 0.840 0.976
0.0009 6.531 0.972 10.286 0.932 0.922

TMOO o>

3.6. Effect of desorption temperature on adsorption-desorption cycle time

Regenerating adsorbents is an important step from economic and environmental
viewpoints. The use of adsorbents for the adsorption of certain material should be
repeated or prolonged [21]. Desorption is usually conducted by flushing the column
with air at various air temperatures, such as ambient temperature ranging from 30
°C to 40 °C. In this experiment, desorption was conducted after the adsorption.
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Figure 11 shows the kinetics curves of adsorption and desorption processes. The
best temperature for desorption process was 40 °C, where the saturated adsorbent
regenerated after 19 minutes. At ambient temperature 30 °C, regeneration took 45
and 40 minutes. Therefore, the higher the desorption temperature, the higher the
effectiveness of CO, removal from the adsorbent. This result is in accordance with
the report by Lee and Lee (2014), who claimed that the higher the desorption
temperature, the faster the desorption. Regeneration effectiveness increased due to
the increased amount of CO; released per unit time [21].

CO, Concentration (20)

4

5 1 Ak

30 1

254

20

~~Run1 (Adsorption) --Run 2 (Adsorption)

=#Run2 (Desorption at 300C) Run 3 (Desorption at 4000

Run 3 (Adsorption) ==Run 1 (Desorption at ambignt)

12345678 91011121314151617 181920212223 242526 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

Time (min)

Fig. 11. Effect of desorption temperature
on adsorption-desorption cycle time.

4. Conclusions

Low flow rate of mixed gas in the CO removal process increases the retention time
of gas in the column because many CO; particles are absorbed in the adsorbent than
usual. The best type of zeolite pellet used as adsorbent was particle size of 140
mesh and calcination temperature 400 °C for four hours, where the CO, removal
efficiency reached 92.5% at flow rate of 200 ml/min. The best adsorption capacity
was 0.118 mmol/g by using pellet adsorbent with 140 mesh size, calcination
temperature 400 °C for 4 hours and flow rate of 400 ml/min with a breakthrough
time of 10.7 minutes. The adsorption equilibrium obtained the correlation value R?
= 0.9962 with qm = 5.97 ml/g and K_ = 9.36 ml/g. The best kinetic model was
pseudo-order kinetics with the best R? correlation value = 0.9848 with g. = 6.3620
ml/g and K; = 0.0016 min. The adsorbent could be regenerated after 19 minutes
in the desorption using air at 40 °C. Future research must focus on improving the
quality of the adsorbent pellets to increase the breakthrough time and reduce the
frequency of the adsorption—desorption cycle becomes by conducting chemical-
physics activation.
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Nomenclatures

Ce Concentration of adsorbate at equilibrium

Ki Rate constant of the pseudo-first order, min

KL Langmuir equilibrium constant, ml/g

Qe Amount of adsorbate per mass of adsorbent, mi/g
Qm Adsorption capacity, ml/g

Greek Symbols
a, f Elovich constants

Abbreviations

CPO Crude palm oil

POM Palm oil mill

POME Palm oil mill effluent
PSA Pressure swing adsorption
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