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The mitigation of carbon dioxide (CO>) from power plant generation using low-cost materials is a feasible
technique to alleviate the global warming problems. In this present paper, CO, adsorptions at atmospheric
pressure and temperature were investigated using the biomass-based activated carbons produced from
various sources that include palm shell, palm mesocarp fibre, coconut shell, coconut fibre, as well as rice
husk. The preparation variables which include nature of precursors, particle size, heating rate, flow rate of
activation agent, activation temperature, and residence times were evaluated. The Taguchi L,s orthogonal
arrays through analysis of variance (ANOVA) statistical approach with 95 % confidence limit had been
used to study the effect of each operating variables at five levels each. Data analysis proved that both
activation temperatures and types of starting materials were significant in producing activated carbons
intended for CO, capture, since p-value was < 0.05. The operating variables i.e. particle sizes, heating
rate, flow rate, and residence time were found to be insignificant. Although the maximum CO, adsorption
capacity achieved by synthesised activated carbons were slightly lesser than the commercial activated
carbon (1.79 mmol/g vs. 1.84 mmol/g), the proposed single-stage physical activation method in this study
is an environmental-friendly approach to convert the massive agricultural wastes to value-added products,
along with combating greenhouse problems caused by an uncontrolled release of greenhouse gases
especially from electricity generation sectors.

1. Introduction

The vast demand of electricity in Malaysia had accelerated the carbon dioxide emission (CO2) and hence,
increasing the potential of global warming. Besides, Malaysia has been reported to be the second largest
electricity consumers amongst the Asian countries (Tang, 2008), and demand for electricity is expected to
increase by almost 4 - 5 % annually (Sunderan et al., 2011). With respect to high demand of the electricity,
power generation is forecasted to be increased as well with more than 90 % of total energy production is
from the fossil-fuel based, as shown in Table 1. According to Table 1, coals exploitation for the power and
electricity generation are expected to increase due to wider availability and can be obtained at lower cost
(Rashidi et al., 2013a). Nevertheless, coals are carbon intensive and will contribute to CO, emission.

Table 1: Forecasted electricity production in Malaysia from 2005-2030 (Tan et al., 2013)

Types of fuel Electricity production (GWh) Share of electricity generation (%)
2005 2010 2030 2005 2010 2030
Coal 23,134 49,675 154,686 26.5 41.6 49.1
Oil 2,489 2,855 3,107 2.9 2.4 1.0
Natural gas 55,899 55,700 139,025 64.0 46.6 44.1
Hydro 5,784 11,245 18,166 6.6 9.4 5.8
Total 87,306 119,475 314,984 100.0 100.0 100.0
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Due to acceleration in coal consumption for electricity generation which result in global warming,
researchers have developed several technologies intended for CO, capture prior to releasing clean gas to
atmosphere. Some of these technologies are amine absorption, solid adsorption, membrane separation,
and cryogenic distillation. Currently, amine absorption system has been extensively utilized due to its high
selectivity absorptions ability. However, energy penalty and associated environmental problems caused by
amine consumptions causes the researchers to shift to other technologies (Saiwan et al., 2013), such as
adsorption by activated carbons that will be the focus point in this work. The inexpensive carbonaceous-
based activated carbons are preferred due to their ability to capture CO; at low pressures, insensitiveness
towards moisture that reduce temperature needed to remove CO,, along with good CO; selectivity to other
flue gas pollutants. In this work, effects of these variables in producing activated carbons have been
investigated by using Taguchi optimization approach. Taguchi orthogonal array as a design of experiment
is preferable since it minimizes the total number of experimental runs, and is a robust design (Kundu et al.,
2014). The Taguchi method recommends the analysis of variance (ANOVA) analysis since the significance
of the parameters towards the process can be determined. The calculations involved in ANOVA analysis
are as in Eqs(1-9) (Roy, 2001). The ANOVA analysis which is predominant in the statistical method is due
to the results obtained from the ANOVA analysis can assist users to make necessary decision, mainly
referring to percent of contributions.

Degree of freedom (f total) = Total number of experiment (N) - 1 Q)
ferror = frot - (total of all factors' DOF) )
N 1 N 2 Y; = Response at each run;
Total sum of square (SS = 2 _ 4 3
a (557) ZY’ N<Z Y‘) N = Total no. of run. ©)
I1=1 i=1
t = level no. of each factor i;
ss, ) 1~ v Yj = sum of Y; (response) of this @
' - Z t N t factor and level j.
j=1 i=1
SSE (erroriresidual) = S7r-(Sa+Sg+Sc+Sp+ Sg+ Sp) (5)
Variance (mean square; Vj) = SS;/ fi. whereby fi is the DOF of each factor (6)
F-ratio = Vi/ Ve; whereby VE is variance for error ©)
Pure sum of squares (SS’) = SS;- (Ve f) 8
Percentage of contribution = S88/SSt 9)

In this present work, the carbonaceous solid activated carbons were produced from various raw precursors
including the palm waste, coconut waste, and paddy waste materials. The extensive availability of these
wastes were significant to be utilized since it eliminates environmental problems resulted from open
burning or disposal in the dumpsite. In addition, a single stage physical activation method is adopted in this
work, as the usual practice of chemical treatments as undesirable and has potential risk of water pollution
resulted from the formation of acidic wastes (De Filippis et al., 2013). Evaluations of the operating
variables in producing activated carbons through Taguchi optimization approach will be further discussed,
to aid understanding of these parameters towards the adsorption characteristics.

2. Experimental

2.1 Preparation of activated carbons

The different types of agricultural waste materials (palm shell, palm mesocarp fibre, coconut shell, coconut
fiber, rice husk) were collected from local market. These materials were oven-dried at 120 °C for at least
12 h. The dried materials were ground and sieved to particle size of 0.25-1.00 mm. These small particles
were activated under purified CO; flow (100 - 300 mL/min) at temperatures between 500 - 900 °C, heating
rate of 5 - 25 °C/min, and residence time of 15 - 90 min. The parameters that involved in the production of
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the activated carbon were optimized using Taguchi Los orthogonal array design, as described by Rashidi et
al. (2013b).

Table 2: Factors and levels studied by Taguchi orthogonal array (Rashidi et al., 2013b)

Factors Precursors  Particle size Heatingrate CO; flowrate Temperature Residence

Levels (mm) (°C/min) (mL/min) (°C) time (min)
Level 1 Palm fiber 0.250 5 100 500 15
Level 2 Palm shell 0.355 10 150 600 30
Level 3 Rice husk 0.500 15 200 700 45
Level 4 Coconut 0.710 20 250 800 60

shell
Level 5 Coconut 1.000 25 300 900 90
fiber

2.2 Adsorption tests

A batch CO; adsorption process was performed using thermal-gravimetric analyser at temperature of
25°C and pressure of 100 kPa. During adsorption, the adsorbate gas flow at 50 mL/min and the
adsorption was maintained for 120 min to ensure an equilibrium condition. Prior of the adsorption, the
samples were degassed at 120 °C for 12 h. The equilibrium adsorption capacity (Y;) in mg CO2/g activated
carbon was then recorded.

2.3 Analysis of Variance (ANOVA)

The quantitative analysis of the parameters involved in the activated carbon productions was analysed via
the ANOVA analysis. The ANOVA analysis is significant to determine the importance of these parameters.
Throughout ANOVA analysis, set of sum of squares, degree of freedom, variance, pure sum of squares, F-
ratio, and percentage contribution were calculated using the Design Expert® version 8.0.

3. Results and Discussions

The ANOVA analysis is significant to be performed, as it determines the quantitative measurement of each
parameter involved in the process. In Table 3, the operating temperature gives the highest percentage of
contribution which means that this factor has significant influence to the particular response i.e. CO;
adsorption capacity. The following factors that influence the quality of activated carbon in adsorbing CO; is
the different type of precursors and residence time, whilst others are relatively lower (2 - 4 %). Since the
calculated error in Table 3 is zero, then the F-ratio is incapable to be calculated. Therefore, in order to
calculate the F-ratio of these parameters, another analysis is conducted by pooling the insignificant factors
to error. The pooling can be described as a process to disregard the unimportance factors and re-adjust
the contribution of the other factors. The pooled ANOVA analysis is as shown in Table 4, whereby the
insignificant factors that include particle size, heating rate, and flow rate are disregard.

Table 3: ANOVA analysis

Factors Degree of Sum of square  Variance F-ratio Pure sum of  Percent (%)
freedom square
Precursors 4 1,250.50 312.63 - 1,250.50 17.26
Particle size 4 279.04 69.76 - 279.04 3.85
Heating rate 4 209.46 52.36 - 209.46 2.89
Gas flow rate 4 149.83 37.46 - 149.83 2.07
Temperature 4 4,915.34 1,228.83 - 4,915.34 67.86
Residence time 4 438.96 109.74 - 438.96 6.06
Residual/error 0 0.00 0.00 -
Total 24 7,243.13 100.00

Based on the pooled ANOVA shown in Table 4, it revealed that the temperature significantly contributes to
the adsorptive properties of activated carbons, as its percentage of contribution is 64.92 % and followed by
the different precursors with 14.33 %. Aside from percentage of contribution, the contribution of individual
parameter can also be evaluated by F-value and p-value (at confidence level of 95 %). Yusup et al. (2014)
reported that the p-value is the probability of getting results closer to an actual experimental data and thus,
lower p-value (<0.05) indicates that the parameter is significant in the process. On the other hand, p-value
which is greater than 0.10 describes that the model term is insignificant for the process. On this basis, both
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temperature and type of precursors with corresponding p-value of < 0.0001 and 0.0074 is significant.
Meanwhile, F-ratio is described as a test to compare the variance of that term with the variance of residual,
and large F-ratio values imply that there are more variability accounted for the corresponding model term.
Hence, temperature is expected to be the most influential parameters, as its F-ratio (23.10) is the largest
amongst all. In addition, the precision of the model towards the actual data can be evaluated by the value
of regression coefficients (RZ). The value of R* for the pooled ANOVA (Table 4) is estimated to be 0.9119,
which is almost close to unity and it implies that the model gives good prediction towards the experimental
values, and the corresponding standard deviation is 7.29.

Table 4: Pooled ANOVA analysis

Factors Degree of Sum of Variance F-ratio  Pure sum of Percent (%) p-value
freedom square square

Precursors 4 1,250.50 312.63 5.88 1,037.74 14.33 0.0074
Temperature 4 4,915.34 1,228.84 23.10 4,702.58 64.92 < 0.0001
Residence 4 438.96 109.74 2.06 226.20 3.12 0.1491
time
Residual/error 12 638.33 53.19 17.63
Total 24 7,243.13 100.00

3.1 Effect of temperature towards CO; adsorptive properties on activated carbons

Based on ANOVA analysis, the activation is proven to be the most influential factor towards the adsorptive
properties. As shown in Figure 1, there is a linear correlation between the activation temperatures and CO,
adsorption capacity irrespective of the precursors used for the activated carbon productions. According to
Fathy et al. (2012), an enhancement in terms of activation temperatures result in an evolution of micropore
and pore volumes. In addition, the developments of carbons’ porosity can be attributed to the released of
volatiles and impurities from the carbonaceous materials during thermal decomposition process, as well as
carbon monoxide emission from CO, and carbon reaction. Meanwhile, the least CO, adsorption capacity
at 500 °C may be related to inadequate porosity developments, most probably due to lower energy to drive
the devolatilization process, apart from insufficient carbon and CO; reaction. In addition, linear relationship
between the activation temperatures and adsorptive properties is related to the endothermic nature of the
activation process (Wang et al., 2010). Thus, high activation is favoured for activated carbon productions
that further promote micropore development for gas storage. Nevertheless, when activation temperature is
excessively high, the widening of micropores and development of mesopores will take place. In addition,
severe activation temperature has the potential to disrupt the functional groups and reduce the micropores
fraction, and lead to reduction in adsorption capacity (Chowdhury et al., 2012). Overall, it is significant to
optimise activation temperatures as it determines the pore size distribution that affect adsorption process,
as inappropriate pore size are unable to retain the small CO, gas molecules. Besides, Chowdhury et al.
(2012) in their work also found out that activation temperature has the greatest impact on the adsorptive
properties, whilst residence time and impregnation ratio give lesser impacts.

3.2 Effect of precursors towards CO, adsorptive properties on activated carbons

Based on the pooled ANOVA analysis shown in Table 4, types of precursors is the second most influential
factor on the adsorptive properties of the synthesised activated carbon. According to Figure 1, the variation
of the adsorption capacity between the coconut shell and rice husk can be justified in terms of their physio-
chemicals. The average carbon contents of the coconut shell-based activated carbons is about 83.01 wt%,
whereas the average carbon content of the synthesised activated carbons from rice husk is approximately
53.70 wt%. Paethanom and Yoshikawa (2012) suggested that the carbon content plays an important role
in the adsorption process, as the carbon surface will hold the adsorbate molecule by the weak van der
Waals intermolecular force. Accordingly, large carbon contents in carbonaceous materials imply that there
will be more carbon surface for CO, molecules to be adsorbed. Apart from carbon content, low adsorption
capacity exhibited by rice husk materials is related to their significantly high ash content. The ash contents
of raw rice husk (= 12.35 wt%) affect the adsorption as these ashes tend to block the pores and thus,
inhibit the porosity developments and adsorptive properties. In addition, similar work had been performed
by Boonpoke et al. (2011), by investigating the comparison of two precursors which are rice husk (RHAC)
and bagasse activated carbons (BAC) towards the CO, adsorption capacity at 30 - 150 °C. Based on their
findings, it is revealed that RHAC gives lower adsorption capacity than bagasse-based activated carbons
at any adsorption temperature. Despite of having comparable surface areas and pore volumes, BAC which
has lower ash contents (1.90 wt%) than RHAC (25.40 wt%) justify the differences in their CO, adsorptive
properties, since RHAC may consists of mineral elements that have potential to reduce the CO, adsorption
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capacity. Meanwhile, the BAC which has carbon contents of 84.5 wt% has higher CO, adsorption capacity
since these carbons assist in inter-particle interaction between CO; molecules and adsorbents through van
der Waals forces.

3.3 Effect of residence time towards CO; adsorptive properties on activated carbons

The residence time of the activation agent flow at the final activation temperature is one of the parameters
that affect the quality of the synthesised activated carbons and their adsorptive properties. The variations
in CO; adsorption capacity with respect to the residence time (15-90 min) can be attributed to the changes
in terms of the porosity and surface area development. If the activation process performed in a shorter
time, an insufficient devolatilization reaction will take place and accordingly, the pores are not appropriately
developed and will only adsorb small amount of adsorbates. Meanwhile, when the activation process takes
place at above an optimum residence time, severe reactions between CO; and carbon surfaces may occur
and widening of microporosity to mesopores will be the dominant reaction. Due to this widening, the
activated carbons are unable to capture and retain small CO> molecules (CO- kinetic dimension is 0.33
nm) properly and lead to reduction in CO, adsorption capacity. Further, by increasing the residence time, it
has possibility to form more ash residuals that block the existing pores and prevent the adsorbates from
being adsorbed onto the carbon surface. Referring to Figure 2, the optimum residence time is at 60 min.
Nevertheless, the differences between the adsorption capacity at 45 min and 60 min are not much. Thus,
from the economic point of view, the optimum point for the holding time is taken at 45 min, as it can reduce
the total operating time, increase the carbon yield, and simultaneously save the operating cost.
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Figure 1: One-factor plot of effect of temperature towards CO, adsorptive properties with LSD +8.1029 (at
particle size = 0.25 mm; heating rate = 20 °C/min; flow rate = 150 mL/min; residence time = 45 min)
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Figure 2: One factor plot of effect of residence time towards CO, adsorptive properties with LSD +8.1029
(particle size = 0.25 mm; heating rate = 20 °C/min; flow rate = 150 mL/min; precursors = coconut shell)
4. Conclusions

In this work, activated carbons from the agricultural resources were produced. The Taguchi experimental
design was employed, and the significant parameters analysed by ANOVA are the activation temperature,
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and followed by different types of starting materials. Meanwhile, other parameters including particle size,
heating rate, flow rate, and residence time have no or little considerable effects towards the quality of the
adsorbents. At an atmospheric pressure and room temperature, the maximum CO; adsorption capacity of
1.78 mmol/g had been obtained by coconut shell-based activated carbon of size 0.25 mm and activated at
900 °C, heating rate of 20 °C/min, CO- flow rates of 150 mL/min, and residence times of 45 min. Overall,
the synthesised activated carbons from a single stage physical activation without N-doping had a
comparable CO; adsorption capacity with the published data.
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