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ABSTRACT 

 

The objective of present work is to develop chemically activated carbons from palm shell 

using H3PO4 via optimisation on the process parameters such as impregnation ratio, 

activation temperature and activation time, with the aim of achieving high yield and well 

developed pore structure. The process optimisations have been conducted utilising the 

optimisation tool Response Surface Methodology (RSM). Various issues associated with 

chemical activation process such as the activation in inert media/self-generated atmosphere 

(SGA) and activation with reclaimed reagent were also been addressed. The kinetics of the 

H3PO4 activation and significance of SGA have been assessed using thermogravimetric 

analysis (TGA). The activated carbon have been characterised for (i) pore size distribution, 

average pore size and the surface area using the BET surface area analyser, (ii) the surface 

textures and structure of the pores using SEM, FT-IR and XRD. Based on the pore structure 

and the surface area, suitability of the PSAC for adsorption on specific macromolecules, 

Methylene Blue (MB) and dairy COD have been developed. Effectiveness of an adsorbent 

is assessed by the equilibrium adsorption capacity and the rate of adsorption of the 

adsorbent. Experiments on adsorption isotherm and kinetics of the mentioned adsorbates 

have been established. The recovery and reusability of H3PO4 for subsequent activation of 

palm shell under identical experimental conditions were also being thoroughly investigated. 

PSAC with BET surface area exceed 2000m2/g has been developed, coupled with high 

carbon yield of approximately 50%. The good adsorption value on MB and dairy COD 

correspond with high mesopore content in PSAC, a unique character of the carbon. The 

significance of SGA has been demonstrated from TGA analysis. The reclaimed H3PO4 is 

found to have almost similar activation capability as that of fresh acid in terms of yield and 

textural characteristics. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background  

This work explores the non-conventional chemical activation method using palm shell as 

precursor with phosphoric acid (H3PO4) as reagent. The utilization of self-generate atmosphere 

in place of a continuous flow of inert gas for activation, holds the potential for process scale-

up due to its simplicity and low energy loss. Evident by the ability of H3PO4 to generate 

carbon with favorable textural characteristics, this work attempts to add new knowledge 

through comprehensive study to establish the optimum condition for palm shell activated 

carbon (PSAC) development. 

 

Although chemical activation by H3PO4 has been reported for many biomass, its application to 

the palm shell is very limited. With the awareness of heteroporous nature of AC through 

H3PO4 activation, this work focuses on development of significantly higher mesoporous AC 

specifically targeted for adsorption of macromolecule such as dye and dairy waste with 

intention to simultaneously generate high surface area and carbon yield. The recovery and 

reusability of the reagent have also been thoroughly investigated.  

 

1.2 Research objective  

Objective I: Process development  
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The desired characteristics of PSAC such as the well developed pore size and surface area 

depends on factors namely precursor material, activating agent, impregnation ratio and 

activation method. The range of these independent variables was estimated from the literature 

survey and a Design of Experiment (DOE) using Response Surface Method (RSM) was 

carried out to find the minimum number of experiments and to optimize the process 

conditions. Regression analysis and analysis of Variance (ANOVA) was utilized for fitting 

the model and for examining the statistical significance of the model terms. The result of 

second-order response surface model was evaluated. Subsequently, mathematical regression 

models for responses of PSAC on BET surface area, pore size and yield was established. 

 

Objective II : Characterization of palm shell activated carbon 

The developed PSAC were characterized for its textural and surface characteristics. The 

surface area, average pore size and pore distribution were evaluated using surface area 

analyser. Thermogravimetric analysis (TGA) was conducted on palm shell, its char and 

PSAC to assess the implication of H3PO4 activation under self-generate atmosphere. The 

structure of the pores was examined using Scanning Electron Microscope (SEM) while its 

surface functional groups were assessed by Fourier transform infrared (FT-IR) and X-ray 

diffraction (XRD) analysis. 

 

Objective III: Adsorption isotherm and kinetics 

The equilibrium adsorption capacity of the PSAC with respect to methylene blue and dairy 

COD was carried out to assess the effectiveness of PSAC in adsorb macromolecules. This 

objective involves identifying appropriate models that explain the mechanism of adsorption. 

Adsorption isotherms were experimentally established before being tested with the well 
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known models such as Langmuir, Freundlich and Temkin. The kinetics of adsorption was 

also modeled to establish a complete adsorption mechanism based on industrial environment.   

 

Objective IV: Recovery and reusability of H3PO4 in palm shell activated carbon 

generation 

This part of the work evaluates the recovery and reusability of H3PO4 in PSAC generation. 

Upon activation, the H3PO4 was reclaimed and reused for subsequent activation under 

identical process conditions. The effectiveness of the reclaimed reagent was assessed for 

three cycles covering an activation temperature between 325 to 525 °C. 

 

1.3 Thesis plan and publications 
 

A review of the literature was carried out in Chapter 2 to assess available AC development 

methods particularly using palm shell as precursor. This review, together with the result in 

PSAC development (Chapter 4) has been published as Activation of palm shells by 

phosphoric acid impregnation for high yielding activated carbon, W.C. Lim, C. 

Srinivasakannan, N. Balasubramanian, Journal of Analytical and Applied Pyrolysis 88 

(2010) 181-186 (attached in appendix). This paper highlights the non-conventional H3PO4 

activation method yielding carbon with well developed textural characteristics from less 

complex processes. These findings were also presented at the Annual World Conference on 

Carbon 2010 at Clemson University, U.S.A. The outcome of methylene blue adsorption 

investigation as discussed in Chapter 5, has also been published in Journal of Separation 

Science and Technology [Preparation of high surface area mesoporous activated carbon: 

Kinetics and equilibrium isotherm, W. C. Lim, C. Srinivasakannan, V. Doshi, 2012, 

Separation Science and Technology, 47: 886-895, as attached in appendix]. The findings of 

reagent recovery and reusability as discussed in chapter 6, has been presented in the Annual 
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World Conference on Carbon 2011, Shanghai, China. The manuscript is in final process of 

submission to Chemical Engineering and Processing: Process Intensification [Significance of 

activation temperature on recovery and reusability of phosphoric acid in preparation of 

activated carbon from palm shells, Wah Ching Lim, C. Srinivasakannan, Veena Doshi, 

2011]. Finally the conclusions derived from the current research were discussed in Chapter 7 

along with the suggestions for further works in the same chapter. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1. Introduction 

This chapter provides a review of AC activation and the precursors especially palm shell, its 

methods of generation as well as the recovery and reusability of reagents. In addition, it 

describes the textural characteristics of AC in terms of surface area, pore characteristics and 

surface chemistry. The last section of this chapter discusses about the adsorption 

characteristics of AC specifically towards macromolecules pollutant such as methylene blue 

and dairy COD.  

 

2.2 Activated carbon 

AC is generally recognised as carbonaceous solid substance with large surface area and well 

developed interconnected network of porous structure [1-4]. Its high degree of porosity and 

extended inter-particulate surface area allows AC to exhibit superior and indiscriminative 

adsorption capacity. AC is widely considered as the most versatile adsorption technology for 

effluent treatment, potable water treatment, solvent recovery, air treatment, decolorizing, 

metal ore processing and many general domestic applications [5,6,7,8,9,10,11,12,13,14]. 

Besides, AC are also used as capacitor [15], sieve separator [16] and electrode [17].  
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The world demand for AC is expected to expand 5.2% per year through 2012 to 1.2 million 

tons [18]. The adsorption capability of AC is usually substantiated with reasonable 

mechanical strength (to minimise structural collapse that leads to lost function), unique pore 

structure and high degree of surface reactivity [19]. Carbon is the major chemical 

composition found in AC, with approximately 50% of mass weight, while the residue 

comprises of H, N, S, O and a trace amount of inorganics. Structurally, AC could be 

considered as disorganised amorphous material with a network of hexagonal carbon layer 

which are cross-linked by aliphatic bridging. AC is also associated with a low degree of 

graphitization [20]. The characteristic of heteroatom bound to the carbon surfaces provide the 

unique functional groups characteristics to AC. These imbalance charges influence the 

surface chemistry of AC, and thus the adsorption properties of carbon [19]. 

 

2.2.1  Structure of carbonaceous materials  

AC and other carbonaceous materials mainly contain carbon with the atomic structure of ls2, 

2s2, 2p2. Different orientations of carbon structure and the C-C bonding interaction gives rise 

to 3 major forms of carbons [20]: 

 

i) sp3 based (or rigid and isotropic structure): Each C atom is bonded with 4 

neighbouring C atoms, as demonstrated in diamond.  

ii) sp2 based (or graphite layered structure): Each C atom is bonded with 3 

neighbouring C atoms into single hexagonal carbon (graphite) layer.  

iii) 3-dimensional carbon (or fullerenes structure): A configuration likely due to the 

re-hybridisation resulting from intermediate between sp2 and sp3. Such carbon 

complex is usually found in carbon nanotubes [20]. 
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Fig. 2.1 shows the major forms of carbon and its derivative. Most of the carbonaceous 

materials available exhibit graphite orientations (sp2 based) whilst the planar layers tend to 

exhibit parallel alignment and the configuration. These carbon layers are maintained by its 

dispersive and Van der Waals forces [20]. These graphite materials could be further classified 

by its crystallographic order, into graphitic carbons and non-graphitic carbons. Most AC 

(powdered or granular) exhibits two-dimensional order but not three-dimensional graphitic 

ordering, as illustrated in Fig. 2.2 [21]. This is due to the intense pyrolytic decomposition and 

reorganisation experienced during carbonization and activation which results in a random 

orientation crystallographic framework on the material. As such, AC is considered as non-

graphitic with highly disordered microstructure.  

 

2.2.2 Classification of activated carbon   

AC could be generally classified into granular activated carbon, powdered activated carbon 

and its derivatives such as shaped or impregnated activated carbon [22]. 

 

2.2.2.1 Granular activated carbon (GAC)  

GAC is a category of AC with average particle size between 1 and 5 mm. It is the most 

widely used AC particularly as column filler for gas or liquid treatments. Its larger particle 

size (as compares to PAC) enables lower pressure drop in it application, a key criterion of 

low energy and economical adsorption. GAC could also be regenerated, which is an 

important economic benefits for large scale applications [23]. 
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Fig. 2.1. Major allotropic forms of carbon and a schematic representation of some of the 
carbon structures derived from these forms. Extracted from J.A. Menendez-Diaz, I. Martin-
Gullon, Types of carbon adsorbents and their production, Interface Science and Technology 
Volume 7 (2006) 1-47 
 

 

Fig. 2.2. Graphitizable and non-graphitizable carbons. Extracted from Carbon Adsorption, 
R.C. Bansal, M. Goyal, CRC Press 2005, ISBN: 978-0-8247-5344-3  
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2.2.2.2 Powdered activated carbon (PAC)  

Powdered activated carbon (PAC) is considered as AC with the average particle size between 

15 and 25 um [20]. High diffusivity of the adsorbate is the key factor to effective adsorption 

by PAC. With lower density than GAC, this adsorbent demonstrates better suspension and is 

distributed more evenly amongst the adsorbate molecules, creating a vast adsorption area and 

reducing the diffusion distance for adsorbate transportation to the pores [24]. As such, the 

time required for adsorption equilibrium in PAC application is shorter. In practice, PAC is 

usually utilized in blending or fluidised mode while GAC which is regularly found in fixed 

adsorber beds. Unlike GAC, PAC is normally disposed of upon treatment [25]. Although 

PAC adsorption is very effective due to its even suspension, the time for reaching its settling 

tends to be more challenging [24]. PAC requires longer residence time and could affect its 

application in large scale.  

 

Studies have established numerous advantages of adding PAC in activated sludge systems. 

The presence of PAC in conventional systems improves sludge settling, increases organics 

removal, reduces the impact of organic shock loadings, increases organic carbon loading, 

suppresses aerator foaming and reduces sludge bulking [25,26]. A search in literature found 

limited works in PAC particularly with those with high mesopores content. It is a known fact 

that a key application of PAC are in large adsorbates (such as dye, protein and 

pharmaceuticals) removal. This gap of knowledge would be the fundamental of this research; 

i.e. development of mesoporous PAC for macromolecules adsorption.  

 

2.2.2.3 Shaped activated carbon  

Shaped activated carbon is a carbon derivative usually associated with special application. 

Using mainly PAC, shaped AC is produced by mechanically entrust or palletised into specific 
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shape such as cylinder, monolith or even paper [20], usually with the assistance of a binding 

agent. These shaped carbons have a higher internal porosity, density and hardness but a lower 

abrasion index than broken GAC, making it favourable for certain application.   

 

2.2.2.4 Impregnated activated carbon  

Some AC is impregnated with inorganics such as Ag, S, Cu and Hg for specific adsorption 

application. AC loaded with Ag is used as an adsorbent for purifications of domestic water, 

whilst AC impregnated with S [22] have been found to enhance the elemental mercury 

sorption very well [27,28]. On the other hand, impregnated AC is found to enhance removal 

of tail gas, arsenic and cation in water [29,30,31]. Cu-impregnated coconut husk AC can be 

used as an adsorbent for the effective removal of As(III) from aqueous solutions [32].  

 

2.3 Precursors for activated carbon  

It is a challenge to prepare AC with desired textural characteristics and at the same time 

commercially attractive; i.e. using low-cost raw materials and low energy processes (or low 

process temperature) [24,33]. Utilization of such materials for the production of AC has been 

adequately reviewed [24,32,34,35]. Generally, any carbonaceous solids could to be converted 

into AC as evident in the vast works reported on AC using a wide range of materials and 

activation methods [5,13,14,36,37,38]. In practice, some associated conditions such as molten 

formation during thermal treatment. Materials with tendency to turn into a fluid or pseudo-

fluid state, such as thermoplastics or coking coal, which is often observed as a form of molten 

during heat treatment, would not be a suitable precursor for AC [20]. As such, a large number 

of studies focus on the use of waste materials of considerable rigidity (often measured as 

hardness), such as the shells or stones of fruit nuts [24].  
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In recent years, these carbonaceous materials have lost its traditional role as a major source of 

energy due to environment concerns on carbon footprint. These materials however hold the 

potentials as renewable sources for AC (traditionally using coal). Precursors from fresh 

biomass origin offer the most economical option as they is copious renewable supplies, with 

low mineral and sulphur content than coal based materials with appreciable hardness [6,39]. 

In the last few decades, many AC investigations were made concerning the recycling of these 

agricultural wastes. Some works suggest they are compatible, if not better, than the 

commercial AC as demonstrated in removal toward specific adsorbates [40,41]. 

 

Generally, a precursor is expected to meet the following technical and economical criteria:  

 Available at low cost: Literature survey indicates that there have been many attempts 

to obtain low-cost AC or adsorbent from lignocellulosic materials such as Arundo 

donax cane [42], bamboo [43], cotton stalks [38], coconut shell [44], corn cob 

[45,46,47], coffee bean endocarp [48], date pits [6], durian shell [49], evergreen oak 

[50], Eucalyptus camaldulensis Dehn bark [51], jackfruit peel [14], olive-waste cakes 

[52], oil palm fibre [53], oil palm empty fruit bunch [54], olive husk [41], olive kernel 

[55], peach stones [56], palm shell [57,58,59], peanut hull [39], rattan sawdust [60], 

pistachio-nut shell [61,62], rubber wood [63], rosewood [12] and vetivers root [64]. 

Readily available feedstock is the key to precursor selection. While almost all of the 

raw materials for AC production are dependent on geographical condition and 

production cycle (harvest season) [7,12,37,38], local availability would be a huge 

advantage and viewed as an important assurance towards long terms supply. Palm 

shell for instance, are vastly available in production country and available throughout 

the year while seasonal based agricultural waste such as apricot [65], cherry stone 

[66], plum stone [67] and rice hull [36] may not meet the objective of constant supply. 
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 High carbon content: The produced AC consists between 75 and 90% carbon [64] and 

all carbons originate from its precursor. A typical chemical composition of 

lignocellulosic materials make up of 48% C, 6% H and 45% O and trace of 

inorganics, corresponding atomic ratios are: O/C = 0.73, H/C = 1.5 and H/O = 2.07 

[68]. Most of the reported element analysis on shells and stones based wastes such as 

coconut [69], almond [70], apricot [70], hazelnut [70], palm shell [71], walnut [70] 

are in agreement with the mentioned report with approximately 50% of C contents. 

Marsh & Rodriguez-Reinoso reported that these materials composed of cellulose (42-

50%), hemicelluloses (19-25%) and lignin (16-25%) [68], However, Daud & Ali [69] 

reported different observation with lignin content above 30% and 50% in coconut and 

palm shell respectively.  

 

 Low inorganic content: The presence of inorganics tend to reduce the adsorption 

capacity in resulted carbon. AC from almond shell, nut shell, apricot and cherry 

stones are with low ash content in contrast with those from grape seed and rice hull 

[32,72,73]. For instance, rice husk with high ash content (cellulose: 32.24%; 

hemicellulose: 21.34%; lignin: 21.44% and ash: 15.05%) [74] has been associated 

with adverse activation conditions such as high activation temperature and pore 

widening [72]. 

 

 Sufficient volatility: Volatilisation during heat treatment is the main mechanism to 

release non-carbon substances, a prerequisite to effective pore development [8]. Raw 

materials with poor volatility may require a relatively higher activation temperature 

for effective textural development. On the other hand, material with high volatility 

would result a low carbon yield. For instance, pyrolysis of wheat, straw, olive husks, 
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grape residue, rice husks, etc, produce char twice the yield of char issued from wood 

[32]. Hence, only raw materials with the right volatility character could provide well 

developed AC as well as meeting the economy criteria.  

 

 Ability to yield the required textural characteristics: Good adsorption capacity, 

sufficient hardness and potential for effective regeneration are some desired textural 

characteristics [75]. Coconut shell, for instance, are high in density, an advantageous 

evident in the resulted AC which is high in density and purity [44]. Similar 

characteristics is also seen in palm shell.   

 

2.3.1  Palm shell  

Oil palm plantation is one of the successful stories of Malaysian agricultural development. In 

line  with   the   rapid  growth  of  palm  oil   to  become  world’s   largest   source  of  edible  oil   [38.5 

million tonnes or 25% of the world total edible oil and fat production], Malaysia is now the 

second largest producer of palm oil with 15.88 million tonnes or 43% of the total world 

supply [76]. However, this industry generates a large amount of biowaste in form of shell, 

kernel and fibre. At present, there is little utilization reported to this waste materials. Palm 

shell generated by the palm oil mills are traditionally used as solid fuel for steam boilers for 

electricity production. The problems associated with the burning of these solid fuels are the 

emissions of dark smoke and the carryover of partially carbonized fibrous particulates due to 

incomplete combustion of the fuels [77].  

 

The composition of a raw material dominates their reactivity in the pyrolysis and activation 

reactions [32]. Palm shell is reported to have the characteristic of a good precursor: high in 

density but low in ash [71,75]. The proximate and ultimate analyses show that palm shells 
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typically consist of 50% carbon element with 17-21% of fixed carbon and 76-80% of volatile 

matters, 3.3% ash and elemental analysis shows 50-54% C, 6-7% H, 0.2-2% N and 41-44% O 

[69,78]. Besides, principal components of oil-palm shell are lignin (over 50%) [79], an 

element which in comparison with cellulose and hemicellulose is more readily to be 

depolymerised during activation, a condition for quality AC [79,80].  

 

Daud & Ali compared the influence of shell materials as precursor and found that the rate for 

micropores and mesopores creation at any burn-off in palm shell is higher than that in the 

coconut shell [69]. All these have positive criteria has made palm shell a potential precursor 

for large scale commercial AC production [75].  

 

2.4 Physical activation 

Physical activation utilizes oxidating agents such as air, steam or CO2 (or the mixture) to 

partially oxidise the precursor (carbonization) and followed by gasification on the char 

(activation) at an elevated temperature [32,61,81].  

 

2.4.1  Carbonization  

Carbonization is a volatilization process of which non-carbon elements such as O, H, N and S 

are eliminated and released as volatile matters (H2O, hydrogen, light hydrocarbons and tar) 

[82]. This thermal treatment process initiates structural alteration as residual C atoms tend to 

group themselves into stack of aromatic sheets via cross-linking reactions, creating a non-

graphitizing carbon structure [83].  
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Fig. 2.3. General flow sheet for manufacture of activated carbon. Extracted from Activated 
Carbon, H. Marsh, F. Rodriguez-Reinoso, First ed., Elsevier Ltd., Oxford, 2006 
 

 

2.4.2  Activation  

Carbonization solely is not sufficient to develop desired porosity. The char requires further 

thermal treatment, known as activation and at much higher temperature, to make incipient 

pores accessible [82] and at the same time create the new ones. Coupled with intensive 

structural re-organisation, activation could give rise to extremely high surface area and 

unique pore characteristics in the produced AC.  

 

While most of the physical activations are conducted in conventional 2-stage, a number of 

researchers investigated a single-stage activation where carbonization and activation take 

place simultaneously. The one-step activation process is desirable due to lower energy 

consumption, capital expenditure and shorter, processing time that can significantly improve 

the process economics [81,84]. Experimental results testify that high surface area AC can be 

prepared using one-step CO2 activation. Yang et al. reported a better textural characteristics in 

coconut AC (BET surface area: 1667 m2/g) than conventional two-step method [81]. High 

BET surface area was also reported for apricot stone (1190 m2/g) while moderate values for 
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almond shell and cherry stone (998 m2/g and 875 m2/g) but low on grape seed at 497 m2/g 

[85].  

 

2.4.3  Physical activation with O2  

Activation with O2 yields CO and CO2 simultaneously as the primary product Eq. (2.1) & 

(2.2) with the ratio of CO to CO2 increases with temperature [20]: 

C+ O2 →  CO2    ΔH=  -387 kJ mo1-1     (2.1)  

2C+O2 →  2CO   ΔH=  -226 kJ mo1-1    (2.2) 

 

As indicated in the enthalpies, both reactions are highly exothermic and often result in 

runaway reactions that lead to undesired pore widening [86]. As such O2 activation is rarely 

applied as a sole activation agent in physical activation [87], correspond to almost no works 

in open literature on O2-activated AC.  

 

2.4.4 Physical activation with steam (H2O)  

The gasification reaction in steam activation on carbon materials is as shown below.  

C + H2O  →  H2+CO    ΔH  =  132  kJ  mo1-1     (2.3) 

 

CO, by products from reaction (2.3) may further react among themselves, yielding H2, CO2 

and CH4 as shown in Eq. (2.4) and (2.5). 

CO + H2O  →  H2+CO2   ΔH  = -41.5 kJ mo1-1     (2.4) 

C + 2H2 →  CH4    ΔH  = -87.5 kJ mo1-1    (2.5) 

 

Steam activation is an endothermic process and does not result in any runaway reactions. It is 

easy to control even at high temperature. Under atmospheric condition, steam activation 
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works only on the particle surface while leaving internal structure are unaltered. As such, it is 

usually conducted at high temperature (up to 1000 °C) to extend the chemical reactions inside 

to the char particles to achieve full porosity potential. 

 

Steam activation is by far the most widely used for commercial AC. It is usually conducted in 

kiln and often associated with injection of a certain amount of air. The exothermic reaction 

between O2 in the air with carbon material provides the heat required in maintaining the 

temperature for the steam-precursor reaction [20]. Generally steam activated AC are 

predominantly microporous [88]. Azargohar & Dalai [89] and Arriagada et al. [90]observed 

AC produced from steam spruce whitewood and activated peach stone are predominantly 

microporous.  

 

2.4.5 Physical activation with CO2  

The reaction between carbon and CO2 yields CO as by-product as shown in Eq. (2.6) & (2.7) 

[48]. Several studies have associated CO2 activation with development of narrow micropore, 

a unique pore size for gas adsorption.  

C + CO2 →  2CO     ΔH  =  +  159  kJmol-1    (2.6) 

C + H2O →  2CO  +  H2   ΔH  =  +  117  kJmol-1    (2.7) 

 

CO2 activation is regularly associated with diffusion issues. Ahmedna et al. [91] observed of 

a lower reaction rate as compared to steam in pecan shell AC studies. This is further 

supported by Gergova et al. [92] who did similar investigation and it was found the reaction 

rate of CO2 at 800 °C is 3 times lower than steam. The larger molecular size (compares to 

H2O) has resulted in slower diffusion of CO2 into the porous structure of the char 

correspondent to low activation rate [91].  
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Higher production cost (than steam) holds another obstacle for CO2 to be actively applied for 

commercial AC. Although these mentioned disadvantages exist, a majority of physical 

activation mechanism use CO2 as the activating agent. CO2 activation is clean, easy to 

produce and control than steam in laboratory. Furthermore, the flowrate of CO2 is reported to 

have little effect of the textural characteristics [54].  

 

2.5 Chemical activation  

Chemical activation is regularly applied on lignin-based precursors such as wood sawdust, 

fruit shells and stones [14]. This method utilizes inorganic additives to dehydrate the 

lignocellulosic materials and simultaneously prevent shrinkage during carbonization [58,19]. 

H3PO4, ZnCl2 and KOH are amongst the most popular activating agents in comparison to 

H2SO4, K2CO3 and FeCl2. The produced AC is usually in powder form or soft solid that can 

be easily milled into powder.  

 

Chemical activation starts with impregnation; i.e. aqueous reagent is blended with the 

precursor particles, usually at a fixed ratio. Sufficient soaking time is required to initiate 

chemical changes. During activation, these reagents catalyse the reactions that lead to 

tunneling, channeling and pitting and result in generation of fine pores on char surface. 

Simultaneously, non-carbon content in the structure is being released in form of volatile 

matters (water, furan derivatives and levoglucosan) [19]. Hence, chemical activation is a less 

thermal dependent carbon enrichment process (compared to physical activation) with the 

entire development completed in single step.  

 

2.5.1 H3PO4 activation  
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H3PO4 is the most preferred chemical reagent as evident in works over a wide range of 

botanical materials namely palm shell [19,57], bamboo [8], cotton stalks [5], coconut shell 

[44], Arundo donax cane [42] rubber wood [63], peach stones [93], woods [94], Eucalyptus 

camaldulensis Dehn bark [51], vetivers root [64], olive seed [95], date pits [6], evergreen oak 

[50], peanut hull [39] and jackfruit peel [14]. 

  

The interaction between H3PO4 and precursor begins as early as upon mixing [96]. Under 

heat treatment, H3PO4 catalyse reactions that lead to bond cleavages and hydrolysis of 

lignocellulosic materials, resulting in release of volatile matters. Such early reactivity brings 

the advantage of a lower activation temperature for H3PO4 [97]. The cross-linking reactions 

among the cellulose fibres would also lead to dilation of the structure and formation of a 

larger rigid cross-linked solid [6,98]. Observations such as swelling or elastic paste 

composition have been regularly reported. Jagtoyen et al. hypothesised the swelling is due to 

insertion of H3PO4 between the cellulose chains that disrupts the existing hydrogen bonds, 

and simultaneously separates the chains and dilate the structure [96]. 

 

H3PO4 is known to attack lignin (and hemicellulose) at low temperature, hydrolysing the 

glycosidic linkage and cleaving the aril ether bonds [99]. Menendez-Diaz & Gullon [20] 

reported that microporosity development begins at temperature as low as 200 °C and attaining 

a maximum at 300 °C. Jagtoyen et al. observed the formation of ester linkages with -OH 

groups by phosphorus compound at below 200 °C [96]. Compared to ZnCl2, H3PO4 is a 

Bronsted acid; i.e. a stronger impregnant as well as dehydrating agent and thus more effective 

to induce bond cleavage. Furthermore, it forms phosphate esters or polyphosphates with the 

chains of degraded biopolymers [100]. The potential of H3PO4 in developing high surface 

area AC without excessive heating has been observed in a large number of works (Precursor/ 
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activation temperature/ BET surface area): coffee bean husk/ 450 °C/1402 m2/g [101]; wood/ 

500 °C/ 1730 m2/g [94]; bamboo/ 600 °C/ 1869 m2/g [102]; vine shoot/ 400 °C/ 1666 m2/g 

[103] and evergreen oak/ 450 °C/ 1723 m2/g [50]. 

 

Activation at higher temperature sees the increase in mesoporous fraction in H3PO4-ACs as 

the wall of micropores begins to collapse, turning some into mesopores [7]. As activation 

temperature further increases (>500 °C), excessive heat breaks the phosphate cross-linkages 

between the cellulose fibres and result in carbon structural contractual, regularly seen in 

decrease of micro- and mesopores surface area and reduction of pore volume. Corcho-Corral 

et al. [103] and Gomez-Tamayo et al. [50] reported a 30% decrease in BET surface area for 

vine shoot and evergreen oak AC respectively when activation temperature increase from 450 

°C to 550 °C. This is in agreement with Diao et al. who reported 500 °C [104] as optimum 

temperature for grain sorghum AC while Jagtoyen & Derbyshire [96] observed maximum 

mesoporous in yellow poplar and while oak AC at 500-550 °C. On the other hand, Marsh & 

Rodriguez-Reinoso [68] reported that the amount of phosphorus introduced into the precursor 

is the main factor in porosity development and that the degree of mesoporosity achieved is 

large only when the concentration of H3PO4 is high. In the works on coffee bean husk, 

Baquero et al. [101] reported no mesopores in H3PO4 activated AC when impregnation ratio 

(IR) is low but the mesopores start to develop and become essential when IR increase from 

intermediate to high. This is further evident in works by Munoz-Gonzalez et al. [56] and 

Yavuz et al. [105] on AC for pine sawdust and olive stone respectively. 

  

The H3PO4 solution also comprises of a variety of polyphosphoric acids (general formula of 

Hn+2PnO3n+1) and as a result, the textural outcome of H3PO4 activation is complex and less 

predictable. At equilibrium the exact constituent composition of the polyphosphoric acids 



21 
 

depends on the content of P2O5 in the solution [68]. These acidic reagents are able to interact 

with oxygen functional groups and thus catalyse the dehydration and dehydrogenation 

reactions, resulting in charring and aromatization of the carbon skeleton and creation of the 

pore structure [98]. 

 

2.5.2 ZnCl2 activation  

ZnCl2 is known to be a dehydrator which subtracts H and O from raw material to develop 

carbonaceous microporous structure [106]. It is amongst the most popular activating agents 

and investigations on ZnCl2 activation has been reported on hazel nut [13], rice husk [36], 

sugarcane bagasse [36,107,108], palm shell [109,110], peanut hull [39], Tamarind wood 

[111], coffee residue [112,113], walnut shells [106,114] and pistachio-nut shell [115]. 

 

ZnCl2-AC are dominantly microporous as evident in type I N2 adsorption isotherm 

[39,112,116]. Exceptional observation was reported by Khalili et al. [117] on paper mill 

sludge AC as samples with highly mesopores were observed, probably due to high IR. Well 

developed ZnCl2-activated ACs were reported on peach stones [118] and sugar beet bagasse 

(BET surface area of 3000 and 1826 m2/g respectively ) [107] while fair result in tamarind 

wood (1322 m2/g) [111 ], dates stone (1270 m2/g) [119], hazelnut husk (1092 m2/g) [13]. 

ZnCl2-AC from rice husk and sugarcane bagasse were reported of low surface area (811 and 

864 m2/g) [36]. Lua and Yang [115] reported of well developed pistachio nut AC for ZnCl2 

activation under N2 atmosphere and vacuum conditions (BET surface area of 1635 and 1647 

m2/g respectively). There is however a drop in interest using ZnCl2 as reagent in recent years 

due to issue such as pollution, corrosion and non-compliance to pharmaceutical and food 

requirements [14,63]. 
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2.5.3 KOH activation  

Activation with KOH were used for AC from corn cob [45,46,120], durian shell [49], peanut 

hull [39], Oil palm fibre [53], oil palm empty fruit bunch [121], palm shell [122], Olive husk 

[41] and coffee bean endocarp [48]. 

 

El-Hendawy hypothesised KOH activation as a series of chemical reactions [120]: 

Ligno.  +  KOH  →  Ligno.K2O + H2O       (2.8) 

Ligno. + H2O  →  Char,C  +  H2O + Tar      (2.9) 

C +H2O  →  H2 + CO2         (2.10) 

K2O + H2 + CO2 +Char,  C  →  Char  +  K2CO3 + K     (2.11) 

 

The primary reaction in KOH activation is indicated in Eq. (2.8), involving dehydration, 

cracking, partial polymerisation and distortion to the lignocellulosic material. Subsequent 

transformation of the lignocellulosic material to char is as seen in Eq. (2.9). The process 

release tars and metallic potassium which may react with the produced char yielding an 

abundant fine pores under the high diffusion and pyrolysis action. KOH-AC are reported 

predominantly with micropores with narrow pore sizes [46,61]. Lua et al. [61] observed AC 

from pistachio nut are dominated by micropores and development of larger pore (meso- and 

macropores) occurred only after 800 °C. CO2, by-product in KOH activation may further 

react with K to produce K2CO3 before it decomposes to K2O and CO2, at high temperature [as 

shown in Eq. (2.10) & (2.11)]. As observed by Hsu et al., the potassium compounds (K2O 

and K2CO3) become significant at above 700 °C [98]. It was also observed that the atomic K 

enhances pore formation upon intercalating and expanding the interlayers of adjacent 

network carbon planes and result in AC with very high SBET surface area [123]. As such, 

well developed KOH ACs are associated with extreme process conditions. Cao et al. [46] 
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reported of extremely high surface area in corn cob AC (BET value of 2700 m2/g) but at a 

temperature comparable to physical activation of 850 °C. Similarly, Michailof et al. [41] 

reported high surface area (1800 m2/g) KOH based olive husk AC occurred upon excessive 

treatment: heating at 900 °C for 3 hr under excessively high IR of 4. High activation 

temperature for quality AC has also been recorded for maize stalks (1811 m2/g at 700 °C) 

[120] and pistachio nuts (1926 m2/g at 800 °C) [124]. 

 

2.6 Palm shell activated carbon  

The first recorded published work on PSAC is by Hussein et al. in the year 1996 using ZnCl2 

as reagent [109]. Well developed PSAC was reported (BET about 1500 m2/g) with the 

textural character transformed from essentially microporous at low IR (15%) to a fair fraction 

of mesopores at 25% IR. Since then, there has been a considerable amount of studies on 

PSAC and the use in removal various adsorbates. 

 

Physical activation investigations on PSAC were generally using CO2 as reagent even though 

this is contradictory to industrial practice (use steam). CO2 is clean, easy to handle and it 

facilitates control of the activation process due to the slow reaction rate at temperatures 

around 800 °C [32]. On the other hand, chemical activation on PSAC has also been 

frequently investigated due to the advantages of the carbonization-activation process that 

could be carried out simultaneously. H3PO4 [57], K2CO3 [125], NaOH [126], KOH [127] has 

been utilized as the activation reagents. 

 

Among the basic reagents, KOH and NaOH have been applied in PSAC development 

[116,122,126,127] with the BET value of 2247 m2/g being reported for NaOH activation. The 



24 
 

process is however, highly complex and requires CO2 as part of physiochemical treatment. 

Strong dependencies of IR in KOH activation have been reported by Guo & Lua. The BET 

surface area was found to increase with IR to maximum of 1214 m2/g at 30% impregnation 

before a sharp reduction to 870 m2/g at 40% impregnation [19]. H2SO4 and K2CO3 are the 

other types of reagents activated palm shell by Guo & Lua [128] and Adinata et al. [59] The 

PSAC with respective BET surface areas of 1250 and 1170 m2/g, however, were not high 

quality as PSAC with physio-chemical activation. 

 

The potential of combined physical-chemical activation on PSAC has been widely explored. 

Generally, the produced char from chemical activation using reagents H3PO4, ZnCl2 KOH 

and H2SO4 are further treated again using CO2. PSAC are found to be better in quality with 

BET surface area between 1200 and 2247 m2/g. However, the mechanisms are complex (3 

stage activation and longer treatment duration), required high energy input and as such, more 

challenging for up-scale. Research on PSAC using non-conventional activation methods have 

been reported. Lua & Jia pyrolysed palm shell under vacuum before steam activation. They 

hypothesised the quick removal of volatile matters under vacuum condition which minimised 

pore blockage. PSAC with reasonable developed surface area (1183m2/g) and high in 

mesopores (45%) were reported [129]. On the other hand, the feasibility of using microwave-

induced CO2 reaction to prepare PSAC was explored [130]. The produced PSAC were found 

to be high in density and predominantly micropores but the surface was not well developed 

(BET surface area < 500 m2/g). Well developed PSAC (BET surface area >1400 m2/g) were 

successfully prepared using one-step CO2 activation in a single heating from room to 

activation temperature of 850 °C. The carbon yield was however low at only 15% [131]. 
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Thus far, only Guo & Lua [19,58,132] and Lim et al. [57] investigated the prospect of H3PO4 

as reagent for PSAC. The earlier author reported achievement of high surface area (BET: 

1563 m2/g) with well-developed microporosity [132]. Their work highlighted the 

characteristic of H3PO4 as a quality reagent: effective in promoting necessary chemical 

changes (for surface area development), the ability to form internal linkage and as a great 

inhibitor to excessive burn-off (for high AC yield). On the other hand, Lim et al. have 

successfully developed PSAC using a non-conventional and yet simple activation method: 

low temperature and short duration at 425 °C at 30 min, under self-generate atmosphere. 

PSAC with reasonable well developed surface area (1109 m2/g) and high carbon yield (> 

50%) was obtained. The potential of this work can be seen in a few aspects: inert gas flow 

during activation is no longer a requirement (cost saving and simplify process control); low 

activation temperature (energy saving, low heat stress on design and equipments), high yield 

(in-line with economical criteria) and highly mesoporous (ability to uptake macromolecule 

adsorbates). While conventional AC development sees the inverse relationship between 

textural characteristic (such as surface area) and carbon yield, this work paves the way for 

process optimization based on desired process criteria: high surface area and high carbon 

yield. 

 

Activation temperature has been reported to have the most significant effect on PSAC 

textural characteristics, followed by reagent type and activation time. Generally, increase 

temperature (up to an optimum value) leads to a better developed PSAC as seen in higher 

BET surface area and pore volume [75,133,134]. Daud et al. investigated the influence of 

carbonization temperature on pore development in PSAC and concluded there is no clear 

pattern of the effects of carbonization temperature on development of meso- and macropores 

[82]. The same author has also investigated the influence of activation time on PSAC 
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development to be between 30 to 120 min using steam and concluded that prolonging the 

activation time resulted in widening of micropores as it destroys the walls between adjacent 

pores. Contradicting observations were reported on the effect of CO2 flowrate. Sumathi et al. 

observed that the flow of CO2 (between 100 and 500 cm3/min) has minor effect on surface 

area development on PSAC, especially when low activation temperature was utilized [78]. 

This is different from the observation by Lua et al. [131], who found the BET surface area of 

PSAC to increase almost 200% to 1440 m2/g for CO2 flow from 25 to 100 cm3/min, before 

reduced drastically to 750 m2/g at excessive flow rate. The author highlighted the need of a 

minimum CO2 flow to effectively carry out its duties for pore generation and volatile matter 

removal. The adverse effect of excessive CO2 flow which results in severe burn off was also 

mentioned.  

 

Almost all works done on PSAC utilized N2 gas flow to create an inert atmosphere during the 

charring process, with few exceptions using vacuum or vacuum & steam [135,136]. Guo & 

Lua [130] and Sumathi et al. [78] investigated the influence of N2 flow on PSAC 

development of flow rate between 5 and 500 cm3/min and 100 and 500 cm3/min respectively. 

However, both studies reported BET surface area of less than 400 m2/g due to unfavourable 

process conditions. Hence, no solid conclusion on the influence of this inert gas was made. 

On the other hand, Jia et al. [135] reported activation under vacuum environment in PSAC 

generation could speed up volatile matters removal from pore to reduce pore blockage for 

steam during the subsequent activation process. The highest BET surface area in CO2 

activation was reported by Lua & Guo at 1410 m2/g [131]. Daud et al. [137] produced PSAC 

with steam with the highest BET value of 1319 m2/g. 
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Response surface methodology (RSM), a statistical optimization tool, has been widely used 

to investigate the effect of process variables on AC development from raw materials namely 

bamboo waste [138], mangosteen peel [139], rambutan peel [140], rattan sawdust [141], 

olive-waste cakes [142], coconut shell [44], oil palm fiber [53], coffee bean endocarp [48], 

coconut husk [143,144], oil palm empty fruit bunch [54,121], oil palm frond [145], palm 

shell [78]. All the works found the correlations developed were able to predict the values of 

the responses quite well as evidenced by the generally acceptable values of the percentage 

errors. The only available RSM work on PSAC was based on physical activation [78]. It was 

found the statistical analysis is reliable to optimize the production of PSAC with activation 

temperature found to have the largest effect while interaction between the activation 

temperature and activation time has considerable effect on producing PSAC. The PSAC 

developed was however with average BET surface area of 1053 m2/g. 

 

Majority of the PSAC investigations reported of AC predominantly with micropores 

[78,128,132,133,146] disregard the process condition (unless excessively treated). Guo and 

Lua compared influence of different reagents under inert atmosphere. It was observed that 

PSAC from ZnCl2, KOH and H3PO4 are rich in micropores [132]. The authors also reported 

similar observation on PSAC prepared using physiochemical activation (KOH & CO2) [146] 

as well as microwave induced CO2 activation [130]. This is further established for work done 

on PSAC using CO2 [133,134], H2SO4 [128] and ZnCl2 [109]. First attempt to develop PSAC 

with improved mesoporosity was reported by Hu & Srinivasan [110]. They hypothesised that 

the surface area and mesopore content in PSAC could be tuned by controlling the experiment 

parameters such as IR (ZnCl2 is the reagent), duration of exposure to CO2 atmosphere and 

activation temperature. The process developed is complex involving both physical and 

chemical activation at high activation temperature of 800 °C. PSAC developed are 94% 
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mesopores (based on pore volume) but BET surface area is less than 1300 m2/g. Such high 

fraction of mesopores are likely due to the wall of pores collapse caused by high activation 

temperature and long treatment time (more than 3 hours). This is further evident in the low 

carbon yield of 26%. However, there is no direct evident of how the mesopore development 

relates to a process conditions such as influence of reagent used, activation atmosphere or 

pretreatment process.  

 

A summary of relevant data on PSAC process condition is shown in Table 2.1(a) to (c). It 

was observed that a majority of the PSAC study reports only the pore structure and pore 

characteristics of the AC, without the due mention to the carbon yield. The characteristics 

namely surface area and carbon yield strongly depend on both the precursor and the 

activation procedure. Generally, AC with high BET surface area is the result of activation at 

high temperature, which in turn, results in low carbon yield. Consequently, it is not possible 

to preview which is the activation procedure that develop a PSAC with the highest surface 

area as well as carbon yield. As such, no conclusion could be drawn from available works in 

the prospect for higher porosity-high yield PSAC. Among the reported literature the yield of 

AC using physical activation methods is found to be less than 17%, with the activation 

temperatures around 900 °C. While the physiochemical activation methods reported yield 

less than 30% with the activation temperatures of around 800 ◦C (with an exception of 

ZnCl2/CO2 activation resulting in a yield of 37%). Among the chemical activation methods 

the K2CO3 activation produced a very low yield of 19%, while the H3PO4 activation at 500 ◦C 

resulted in a yield of 40%, which is significantly higher than the other activation methods and 

activating agents. It can be observed that the yield of AC varied widely depending upon the 

processing methods 
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 Table 2.1 (a) Process condition of PSA
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 Table 2.1 (b) Process condition of PSA
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 Table 2.1 (c) Process condition of PSA
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2.7 Influencing factors on activated carbon development  

The textural outcome of AC is very much dependant on the combined effect of the precursor, 

reagent and activation conditions. Natures of precursor and activation temperatures have the 

most significant effect followed by impregnation ratio (activation gas flow rate for physical 

activation) and activation time.  

 

The textural AC is highly dependent on the nature of precursor [106]. Lignin content for 

instance, results in high surface area development with strong presence of mesopores 

[147,148] and its inorganic tends to produce AC with undesirably high ash content (seen in 

rice hall AC, discussed in section 2.5).  

 

The activation temperature directly influences the volatilization which in turn, greatly affects 

the textural outcome and yields of the AC [146,149]. Generally, BET surface area and pore 

volume increases with the activation temperature to an optimum value after which they begin 

to decrease [75,150]. Hayashi et al. [151] produced AC from almond shell (AM), coconut 

shell (CN), oil palm shell (OP), pistachio shell, (PT) and walnut shell (WN) using K2CO3 and 

found the BET surface area to increase with activation temperature from 500 to 800 °C. On 

the other hand, Kalderis et al. found similar trend on ZnCl2 activation of bagasse and rice 

husk with optimum temperature of 700 °C [152]. Such observations were also reported on 

other precursors involving chemical or physical activation methods [133,153].  

 

Excessively high activation temperatures bring destruction to the surface area and shifts pore 

size distribution. Jagtoyen et al. observed the increase of mesopore volume (begins at 250 °C 

and at the highest at 550 °C) corresponds with the decrease of microporosity; signifying the 

transformation of micropore to wider pore due to increase in temperature [96].  
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The yield of the AC is widely reported to be influenced by the activation temperature, 

activation time and the impregnation ratio. Generally, increased temperature leads to a 

decreased yield of carbon [51,58,59]. This could either be due to greater primary 

decomposition of biomass at higher temperatures or through secondary decomposition of 

char residue. Chandra et al. [49] reported a significant drop in durian shell AC, from 37% to 

21% when activation temperature increased from 400 to 650 °C. In contrast, Prahas et al. [14] 

found yield in jackfruit peel AC remain almost constant for activation temperature from 350 

°C to 550 °C. Hence, the influence of temperature is complex and varies, corresponding to the 

combined effect of the nature of precursor, reagent and degree of burn-off.  

 

The selection of activating agent influences the textural characteristic of the AC generated. 

Steam activation tends to result in AC with wider pores as compared to that produced using 

CO2 (as discussed in section 2.6.4). Such influence is more obvious in chemical activation. 

H3PO4 is regularly associated to heteroporosity; accredited to a mesoporous rich outcome 

while KOH activated AC are high in narrow-micropore [68]. Girgis et al. [39] investigated 

influence of different reagents on peanut hull and reported a mesoporous rich AC with high 

surface area using H3PO4 as compared to ZnCl2 and KOH. In contrary, Kalderis et al.[152] 

found ZnCl2 more effective as reagent than H3PO4 and NaOH on activation on rice husk and 

sugarcane bagasse.  

 

Intensity of reagent (such as steam, CO2 flowrate) has considerable effect on textural of AC. 

BET value increased progressively with steam or CO2 flowrate to reach an optimum value 

[78]. Similarly for chemical activation, adequate amount of reagent is essential to minimise 

the formation of tarry matters which could otherwise clog up the pores [128,38]. Surface area 

and pore volume generally increases with impregnation to an optimum ratio [8,75,149,154]. 
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High IR intensifies pyrolysis of starting materials and thus enhances the pore development as 

evident in BET surface areas [149]. Reffas et al. observed the pore size distribution of Coffee 

bean AC (H3PO4 as reagent) transforms from no mesopore to exclusively mesoporous by 

increase the IR from 0.6 to 1.8 [155]. Similar observation were reported on other H3PO4 

[50,8] activation as well as other reagents such as H2SO4 [75] and ZnCl2 [117]. 

 

Excessive impregnation however leads to pore widening and result in larger pores (meso and 

macropores) due to more activation agent being incorporated into precursor matrix 

[7,44,75,104,149]. On the other note, Girgis et al. observed a high amount of H3PO4 could 

result in formation of an unwanted phosphorus layer covering the particles and reduce the 

contact with the surrounding atmosphere. This obstruction limits the activation potential 

considerably thus resulting in the reduction of porosity [38]. IR influences the AC yields at 

different degrees: Sudaryanto et al. [33] found the KOH activated cassava peel AC decrease 

from 29% to 22% when IR increases from 0.5 to 2.5, while Prahas et al. [14] found little 

changes in H3PO4 activated jackfruit peel AC yield when IR increases from 1 to 4. Liou et al. 

[156] investigated rice husk AC and found the yield reduce more significantly due to IR 

when H3PO4 was used as the chemical reagent as compared to ZnCl2.  

 

For both physical and chemical activation the increase in activation time encourages burn off 

and results in changes of textural characteristics and decreases the overall yield of AC. 

Surface area and total pore volumes generally increase with time to an optimum value as 

sufficient time is required to eliminate all the moisture and volatile matters in the precursor 

before giving path to pore development [32]. However, the values thereafter are observed to 

decrease gradually at longer soaking time, attributed to the gasification which resulted in the 

collapse of the wall of the pore [32].  
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2.8 Chemical reagent recovery   

The feasibility of chemical activation processes is strongly dependent upon efficiently 

recovering the reagent for recycling. This involves subsequent leaching stage, followed by an 

additional operation consisting of drying the washed AC. Of all the research related to AC, 

there are only a few investigations reported on the quantitative aspect of the reagent recovery 

and even lesser reports on the quality of the AC using reclaimed reagents. Reagent recovery 

investigations focus on the percentage recovery of the impregnation reagent [65] while 

reusability investigations report on ability of the reclaimed reagent on the textural 

characteristics of the AC.  

 

Table 2.2 summarises all the reported works in the area of reagent recovery as well as its 

subsequent reusability in open literature. Most of the earlier work reports on percentage 

reagent recovery, while the potential of the recovered reagent on quantity and quality of the 

AC prepared on subsequent usage has not been reported. Adinata et al. [59] reported that 

K2CO3 reagent recovery increases with IR (from 0.5 to 2.0) in PSAC while Boudrahem et al. 

[112] reported same observation on preparation of ZnCl2-AC from coffee residue. Similarly a 

number of observations have been reported on the reduction in the reagent recovery with 

activation temperature [59,157]. It should be noted that Tay et al. [158] have reported the 

highest recovery of above 97% with K2CO3 and KOH as activating agents for soybean oil 

cake precursor at 600 °C and at IR of 1.  

 

The loss of H3PO4 upon activation has been well established and widely reported by earlier 

investigators. The H3PO4 was reported to be physically entrapped inside the carbon as 

insoluble metal phosphates. Jagtoyen et al. [80] highlighted the loss of recoverable H3PO4 in 

coal activation, credited to the consumption of reactions with mineral matters resulting in 
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formation of insoluble metal phosphates. Solum et al. [159] reported that 0.9 wt% phosphorus 

is retained in AC produced after extensive leaching. Toles et al. [160] reported a presence of 

3 wt% phosphorous in the carbon by XRF analysis even after intensive washing. Guo & 

Rockstraw [7] found an increase in the phosphorus contents of final AC products with IR or 

final activation temperature. Girgis et al. [6], accredited to unleached residual phosphates in 

AC based on low adsorption of N2 molecules at low pressure during characterisation. The 

increase in ash content of the AC has been reported to be due to the presence of H3PO4 due to 

the formation of phosphates within the carbon [80] 

 

Different authors have followed different patterns of final washing step to remove the 

activating agent and reported incomplete H3PO4 recovery even upon intensive repeated 

washing. Reffes et al. [155] reported a two-week duration for complete recovery of H3PO4 

from coffee AC using distilled water in a Soxhlet extractor method. Vernersson et al. [42] 

and Liou et al. [156] highlighted the presence of poorly soluble water phosphorus compounds 

in the carbon structure after washing.  

 

In general the recovery of H3PO4 is found to be relatively lower as compared to other 

reagents. Soleimani et al. [65] and Suarez-Garcia et al. [161] reported a recovery of only 85-

90% for H3PO4 based activation process while a recover of above 97% has been reported for 

K2CO3 and KOH based activations [158]. Guo and Lua [58] investigated the effectiveness of 

activation process comparing the fresh H3PO4 and the reclaimed acid, for activation on palm 

shell. PSAC produced using reclaimed H3PO4 were found to have a much lower BET surface 

areas in comparison with the fresh acid. The surface areas were reported to decline sharply 

from 1135 m2/g (fresh H3PO4 activation) to 1007, 849 and 376 m2/g for three consecutive 

reclaimed runs. Similar claims were asserted by Toles et al. [162] for H3PO4 activation of 



37 
 

almond shell. However the reagent recovery of H3PO4 were not reported or measured in both 

works. The subsequent impregnation-activation with the reclaimed acid was based on the 

assumption of no loss or decomposition of H3PO4 during process of activation and washing.  

 

Chemical activation is a complex process and the usefulness of recovered reagent could only 

be confirmed by experiments. Regent such as H3PO4 are costly and an effective recovery 

mechanism is critical for commercial realisation as well as minimizing environment 

pollution. To the knowledge of the authors, there is no in-depth investigation on H3PO4 

recoverability and its subsequent reusability. 

 

2.9 Characterization of activated carbon 

2.9.1 Surface area and pore characteristics 

The pore size classification method adopted by the International Union of Pure and Applied 

Chemistry (IUPAC) is based on their width. The pores could be divided into three groups: the 

micro-, meso- and macropores. 

 

Generally, the pore structure could be visualised as having many small pores (micropores) 

branching off from larger ones (mesopores), which are open through the entire particle 

(macropores), as shown in Fig. 2.3. The larger pores act as the transport pores while the 

smaller ones, which may be dead-end which play the role of adsorption pores.  

 

Micropores are pores with effective dimension of less than 2 nm while mesopores are with 

average pore diameter between 2 and 50 nm. Pore with larger width are classified as 

macropores. Micropores could be further categorised based on the adsorbent-adsorbate 

interactions. Primary micropores (less than 0.8 nm) seen as the pore filling physisorption at 
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very low P/P0 is enhanced by adsorbent-adsorbate interaction while in secondary micropores 

(average pore diameter: 0.8-2 nm), the filling occur by a cooperative adsorption mechanism 

at higher relative pressures. 

 

Conventional AC development focuses on micropore porous development but the interest in 

mesopore rich AC has increased in recent years. The importance and significance of 

mesoporous carbon is seen in the number of works done in this area [110,117,154,163,164]. 

Mesopores in AC provide the rapid mass transport into adsorption pore and reduce the barrier 

correspond and result in shorter adsorption equilibrium time. The potential of these carbon 

materials is seen in macromolecule adsorption, catalytic support, battery electrode material, 

capacitor and biomedical engineering applications. High surface in mesoporosity is required 

to meet these criteria to allow macromolecules and ions to penetrate easily to the surface of 

carbon [116]. There has been a great deal of interest in the synthesis of mesoporous carbon 

[163]. The process is complex and high cost, prompting a continuing search for low-cost 

potential adsorbents, especially from botanical mass [165]. 
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0.25-1.00  
600 

60 
ZnC

l2  
92-68 

Reagent recovery decrease w
ith IR 

 [112] 

Sunflow
er oil 

cake
1  

0.85 &
 1.90 

600 
N

ot 
stated 

H
2 SO

4  
78 &

 81 
Reagent recovery is slightly increase at higher IR 
 

[147] 

A
lm

ond shell 2  
1 

450 
60-120 

H
3 PO

4  
N

ot m
easured 

A
ctivation by reclaim

ed acid produced A
C w

ith m
uch low

er BET 
surface areas than the fresh acid  
 

[168] 

Palm
 shell 2  

2 
500 

120 
H

3 PO
4  

N
ot m

easured 
A

ctivation by reclaim
ed acid produced A

C w
ith m

uch low
er BET 

surface areas 
 

[58] 

 Rem
arks: 

1. N
o investigation on activation by reclaim

ed reagents 
2. A

ll reclaim
ed activations are at sam

e precursor w
eight  



40 
 

 
Fig. 2.4. Schematic representation of the pore network of activated carbon   
 
 
Six general types of isotherms have been observed and the characteristic isotherms are as 

described below: 

 

Type I isotherms are typical of microporous solids where only monolayer adsorption occurs. 

In these, micropore filling occurs significantly at relatively low partial pressure <0.1 P=Po, 

the adsorption process being complete at approximately 0.5 P=Po. The potential field of force 

between neighbouring wall in the very fine micropores causing an increase in the interaction 

energy between the solid surface and the gas molecules corresponds with the increase in 

adsorption, especially at low relative pressures. These isotherms are thus characterized by a 

plateau that is almost horizontal and parallel to the pressure axis. Type II isotherms 

correspond to multilayer physical adsorption and could be recognised from a long linear 

portion and do not attain a limiting value as seen in the plateau. The monolayer coverage is 

succeeded by multilayer adsorption at higher P=Po values.  

 

Type III isotherms, characterized by being convex to the pressure axis, are generally obtained 

in the case of nonporous adsorbents or carbons with mixed micro-and mesoporosity, as the 
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results of adsorbate-adsorbate interactions will tend to promote the adsorption of more 

molecules. 

 

Type IV isotherm, a multilayer adsorption where complete filling of the smallest capillaries 

occurred, are obtained for solids containing pores in the mesopore range. The unique 

adsorption-desorption hysteresis is due to greater amount adsorbed along the desorption 

branch than along the adsorption branch at any given relative pressure.  

 

Type V isotherm is similar with Type III but with a plateau at fairly high relative pressures 

and often seen in polar and non-polar adsorbates with weak adsorbent-adsorbate interactions. 

The type VI isotherm are recognised in the sharp steps, an outcome of stepwise multilayers 

adsorptions on a uniform nonporous surface.  

 

2.9.2 Surface morphology  

The presence of O, N and P provides unique characteristics to the surface chemistry of AC 

[166]. These surface functional groups influence the adsorption capacity [19], catalytic 

properties, acid-base character and moisture content [167]. FT-IR, X-ray photoelectron 

spectroscopy (XPS), thermal analysis (TA), thermal programmed desorption (TPD), Boehm 

and potentiometric titrations are methods commonly applied in surface chemistry studies 

[167].  

 

Abundant in quantity, oxygen surface groups are the main contributors to the surface 

chemistry. Among them, carboxylic, lactone and hydroxyl groups would give rise to acidic 

characteristic [168] while pyrone, chromene and quinone are basic in nature [168,169] (Fig. 

2.5 & 2.6). On the other hand, phosphorus (in the form of phosphate derivatives) leads to 
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acidic surface characters [5,170]. Numerous works on palm shell [127,132], cotton stalk [5], 

bamboo [8] and rice hull [72] verified the development of acidic functional group due to 

H3PO4 activation, with groups of carboxylic, phenolic, and lactones have been reported 

[5,19].  

 

The amount of oxygen, nitrogen and phosphorus on AC varies considerably with activation 

temperatures. The oxygen content in AC decreases significantly (from 25 % to 1%) with 

activation temperature; due to decomposition of oxygen-based acidic groups at temperatures 

above 250 °C. As such, ACs from low activation temperatures (< 500 °C) are dominated with 

acidic surface (mainly phenolic hydroxyl groups) while basic surface oxide groups are 

reported for activation above 800 °C. Guo & Rockstraw reported high acidic group in low 

temperature H3PO4 activated AC from rice hull [72] while Ip et al. [8] observed the decreased 

in acidic site in bamboo AC preparing H3PO4 activated at 900 °C.  

 

Fig. 2.5. Simplified schematic of some acidic surface groups of activated carbon 

 

Fig. 2.6. Schematic of basic groups on activated carbon  
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2.10 Activated carbon adsorption    

The AC adsorptivity, be it physical or chemical adsorption depends on the nature of the 

adsorbent, its effective surface area and adsorption conditions [83]. In the case of physical 

adsorption or physiosorption, the adsorbate is bound to the surface by relatively weak van der 

Waals forces. Chemisorption, on the other hand, involves exchange or sharing of electrons 

between the adsorbate molecules and the surface of the adsorbent resulting in a chemical 

reaction. The bond formed between the adsorbate and the adsorbent is essentially a chemical 

bond and is thus much stronger than in the physisorption.  

 

Physical adsorption is non-specific and occurs between any adsorbate-adsorbent systems 

while chemisorption tends to be specific. These differences mainly arises from the enthalpy 

of adsorption. In physical adsorption, the enthalpy of adsorption is usually between 10 and 20 

kJmol-1 whereas it is generally of the order of 40 to 400 kJmol-1 for chemisorption. The 

thickness of adsorbate between both adsorption are different, with multilayer being observed 

in physical adsorption while monolayer for chemisorption. Physical adsorption process is 

reversible under the same temperature of adsorption whereas chemisorptions are generally 

irreversible. This is due to chemisorption involves significant electron transfer between the 

adsorbate and the adsorbent [19].  

 

AC is the most widely practiced adsorption treatment used to remove pollutant 

[171,172,173]. The main advantage of carbon adsorption over other processes is that it can 

remove both organic and inorganic compounds either at generally low cost [174]. AC 

removes pollutant even at concentrations as low as 100 mg/l in batch and continuous 

processes. The system for AC adsorption is less expensive than advanced system such as 
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membrane filtration and ion exchanger [175]. Furthermore, it is safe and easy to operate 

while the spent AC such as GAC could be regenerated under simple treatment before reused.  

 

Despite its prolific use in water and waste water industries, commercial AC remains as an 

expensive material, leading to a search for low cost material as alternative adsorbent 

materials, such as AC prepared from rattan sawdust [60], palm ash [176], coconut shell [44], 

hazelnut shell [177] and palm kernel fibre [178], Sunflower oil cake [147], acorn [95] and 

olive seed [95].  

 

The selection of AC depends on the nature of precursor. Removal of heavy metal ions from 

water phase required acidic AC which demonstrates cation-binding capacities in treatment 

conditions [149]. The surface charges on AC also influences sorption properties of AC. With 

surface containing both hydrophobic and hydrophilic sites, the sorption characterise of AC is 

different between adsorbates. Adsorption of non-polar adsorbate would not be affected by the 

differences between both sides while a polar adsorbate is preferentially adsorbed on polar 

sites [179].  

 

Modified or impregnated AC is used for its specific sorption properties. Langley et al. 

reported HNO3 treatment  of  ACs   increases  the  material’s  ability  to  remove  both  Cr and Cu 

ions from aqueous solution [180]. Kuang et al. credited the existence of oxygen surface 

functional groups Ag loaded AC in promoting mercury adsorption [181].  

 

2.10.1 Adsorption of methylene blue (MB)  

Effluent discharged from the dye industries impede light penetration, retards photosynthetic 

activity and resulted in aqua-toxic components fish and other organisms [12]. Most of the 
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used dyes are stable to photo-degradation, bio-degradation and oxidizing agents [182]. It is 

estimated that more than 100,000 commercially available dyes with over 50,000 tonnes of 

dyes are discharged via effluent into environment annually [183].  

 

The adsorbate MB, with molecular structure as shown in Fig. 2.8, is the most common among 

all other dyes in dyeing cotton and silk [184]. In practice, the most commonly used adsorbent 

for the removal of MB by adsorption is coal based commercial AC [147]. While most of 

these adsorbent are with well-developed surface area, they are at the same time 

predominately microporous. Guo et al. [34] demonstrated that the MB adsorption does not 

only influence by surface area available but also by other factors such as chemical nature of 

the surface while Girgis et al. [6] has observed the advantage of mesoporous AC in MB 

removal. In addition, various works has substantiated the favour of mesoporous AC in 

removal of these large size molecules of contaminants such as MB dye [154,155,185].  

 

 

Fig. 2.7. Chemical structure of methylene blue  

 

The mechanism for the removal of MB dye by adsorption may be assumed to involve the 

following steps [186]: 

 Migration of dye from bulk of the solution to the surface of the AC 

 Diffusion of dye through the boundary layer to the surface of the adsorbent 

 Adsorption of dye at an active site on the surface of AC, and 

 Intra-particle diffusion of dye into the interior pores of the AC particle 
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MB adsorption from aqueous solution onto the AC has been reported as a function of initial 

dye concentration, temperature, pH, and stirring speed [187]. High initial concentration of 

MB enhances the sorption process by providing a driving force to overcome all mass transfer 

resistances of all molecules between the aqueous and solid phases [177]. Increase in 

temperature is generally resulted in increase in the amount of MB adsorped. Implying a 

kinetically controlling process, increased temperature leads to highly mobility of the 

molecules, thereby facilitating the formation of surface monolayer and result in an increase in 

the rate of adsorption. In addition, adsorption of MB onto the adsorbent surface is an 

endothermic reaction. Increase in temperature shifts the equilibrium according the Le 

Chatelier Principle, resulting in higher MB molecules being adsorped. The adsorption of MB 

increased as the pH increases with varying degree. Increase in pH changed the AC surface 

chemistry by increasing the number of negative charged sites, providing a favourable 

adsorption opportunity on MB cation due to electrostatic attraction [188]. On the other hand, 

the surface charge density decrease with an increase in the solution pH and the electrostatic 

repulsion between the positively charged MB and the surface of the adsorbent is lowered thus 

increasing the rate of adsorption.   

 

MB uptakes by different adsorbent such as agricultural waste, its carbon or ash have been 

reviewed by Rafatullah et al. [34], Bhatnagar & Sillanpaa [35], Demirbas [37], Dias et al. 

[24], Ioannidou & Zabaniotou [32] and Yin et al. [189]. It is quite obvious that MB 

adsorptivity of natural materials could be boosted significantly upon activation. Using lignin 

material as base, Zou & Han observed the AC has an adsorption capacity of 604 mg/g or 

approximately 20 times higher than in untreated form [190.]. Similar observation also 

reported on rice husk (41 mg/g and 343 mg/g). This should however, not be used as a 

platform to undermine MB uptake ability among natural materials. Review by Rafatullah et 
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al. [34] has shown that teak wood bark, papaya seeds and grass waste has exceptionally high 

MB adsorptivity (914 mg/g, 555 mg/g and 457mg/g), more effective than the highest 

recorded by ACs from agricultural waste (Straw AC: 472 mg/g). Similarly, not all ACs 

demonstrated reasonable MB uptakes. ACs from hazelnut shell, apricot stones, walnut shell 

and almond shell has shown poor adsorptivity with less than 10 mg/g uptake reported. 

 

MB adsorption by AC is influenced by many factors such as pore size, surface area and 

surface chemistry as shown in a vast number of works. AC with high surface area usually 

provides a favorable condition for large adsorption capacity. Besides of the highest uptake 

recorded on mentioned straw AC , high adsorptivity (over 400 mg/g) by agricultural based 

AC has been reported on bamboo [43], vetiver roots [64], peach stone [93] and oil palm fiber 

[53].  

 

Equilibrium sorption isotherms and kinetics of MB by AC were extensively investigated, 

much  due   to  the   fact   to  use  MB  uptake  to  characterise  AC’s  adsorptivity   [183,191,192]. A 

search in available literature reveals that only Tan et al. investigated MB adsorption using 

PSAC. The MB adsorptivity was good at 244 mg/g with equilibrium data best described by 

the Langmuir isotherm model [193]. The PSAC development process is complex: physio-

chemical activation (KOH & CO2) with high activation temperature and long duration (850 

°C and 4 h) while the PSAC quality is poor with BET surface area was found to be 596 m2/g. 

 

2.10.2 Adsorption of dairy COD  

Dairy industry produces different products such as milk, butter, cheese, yogurt, milk powder, 

ice-cream, various types of desserts [194]. The hygienic requirement results in a large 

effluent discharge from washing and cleaning operation [195]. Ramasamy et al. reported 2 to 
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5 litre of wastewater produced for each litre of milk processed [196]. These plants differ 

widely both in quantity and quality depending on a given dairy factory production 

characteristics [197], resulting in effluents vary greatly in characteristics [198, 194]. The 

dairy industry is usually characterized by high biological oxygen demand (BOD), chemical 

oxygen demand (COD) concentrations [195,199,200,201,202]. Constituted mainly of lactose, 

the COD content of these effluents could be as high as 6000 to 8000 mg/l [203,204] 

 

Aerobic, anaerobic, membrane technology (ultrafiltration, nanofiltration, reverse osmosis)[ 

205], coagulation, flocculation and precipitation are available treatment technology for dairy 

waste. Aerobic treatment processes are commonly used together with anaerobic processes for 

dairy wastewater treatment [206]. These aerobic processes include activated sludge processes 

or trickling filters or aerated lagoons, or a combination of these [207]. The high energy 

requirement of aerobic treatment is well documented [201]. On the other hand, anaerobic 

treatment doesn’t  require aeration equipment, use less energy, while require lesser land and 

produce less sludge [194]. It also holds the potential of producing methane [196,208]. As 

such due to the tremendous area requirement for aerobic treatment lagoons, most lagoons are 

thus usually anaerobic lagoons.  

 

The conventional wastewater treatment technologies as adopted in industrialized nations are 

expensive to build, operate and maintain [209], especially for decentralized communities. 

Research efforts are going on [210] for the development of treatment technologies suited to 

these applications. Low cost adsorbent such as PAC can be used as a promising adsorbent for 

removal of various types of pollutants from dairy wastewater. There has been significant 

amount of works on COD adsorption in dairy waste; however, only limited investigation 

using AC. Kushawa et al. [201] reported a COD adsorption value of 134 mg/g from synthetic 
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dairy COD using commercial AC. Devi et al. [210] conducted similar investigation using 

mixture adsorbent carbon and commercial AC and reported the maximum adsorption 

capacity reported is less than 30 mg/g. Kennedy et al. [205] achieved 87% and 96% removal 

of BOD and COD respectively from tannery wastewater using rice husk-AC. Hami et al. 

[211] elucidated significant increases in BOD and COD removal efficiencies using AC in a 

dissolved air flotation unit treating refinery wastewater. It has been reported that COD 

adsorption process of dairy waste decrease with increase of pH especially in basic 

environment [201]. It was also reported that the intra-particle diffusion of dairy COD 

components into meso-pores is the rate-controlling step in the adsorption process. Sarkar et 

al. utilized coagulation as a pretreatment step prior to adsorption with PAC before treating the 

dairy wastewater by membrane separation method [195,212] 

 

2.11 Adsorption isotherm and kinetics  

Adsorption is a complex process and depends on electrostatic and non-electrostatic 

(hydrophobic) interactions. Much works are still necessary to identify the sorption 

mechanisms clearly [34] and it is the crucial component to design and run an industrial 

adsorption plant [173]. Adsorption isotherm is a graphical representation showing the 

relationship between the amount adsorbed by a unit weight of adsorbent (such as AC) and the 

amount of adsorbate remaining in the test medium at equilibrium. On the other hand, 

adsorption kinetics provides information about the mechanism of adsorption [177].  

 

2.11.1 Adsorption isotherm  
 
2.11.1.1 Langmuir Isotherm 

Adsorption isotherms can be generated based on numerous theoretical explanations. The 

simplest theoretical model that can be used to describe monolayer adsorption is the Langmuir 
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equation [213]. Langmuir isotherm assumes monolayer adsorption onto a surface containing 

a finite number of adsorption sites of uniform strategies of adsorption with no transmigration 

of adsorbate in the plane of surface [214]. The Langmuir equation, which is applicable to 

homogeneous sorption, can be described by the linearised form: 

𝐶
𝑞 =

1
𝑏𝑄 +

𝐶
𝑄  

The Langmuir constants Q0 (mg/g) and b (L/mg) are determined from the slope and intercept 

of the plot of specific adsorption, Ce/Qe against the equilibrium concentration, Ce. The close 

proximity of the experimental data with the model equation evidenced from the R2 value 

which demonstrates suitability of the Langmuir isotherm model.  

 

The essential characteristics of the Langmuir isotherm can be expressed in terms of a 

dimensionless equilibrium parameter RL which is defined by: 

𝑅 =
1

1 + 𝑏𝐶  

where b is the Langmuir constant and C0 is the highest adsorbate concentration (mg/l). The 

value of RL indicates the type of the isotherm to be either favourable (0< RL< 1), 

unfavourable (RL>1), linear (RL=1) or irreversible (RL=0). 

 

2.11.1.2 Freundlich Isotherm 

The Freundlich model is an empirical equation based on the distribution of solute between the 

solid phase and aqueous phase at equilibrium [213]. Freundlich isotherm assumes 

heterogeneous surface energies in which the energy term in Langmuir equation varies as a 

function of the surface coverage thus allowing multi-layer adsorption [214]. The logarithmic 

form of Freundlich isotherm is given by the following equation:  

Log(Q ) = Log(K ) +
1
nLog(C ) 
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where Qe is the amount adsorbed (mg/g), Ce is the equilibrium concentration of the adsorbate, 

KF (mg/g)(L/mg)1/n and n are the Freundlich adsorption constant. 1/n is the heterogeneity 

factor that measure of the adsorption intensity as well as its favourability of the adsorption 

process. For this isotherm model, the slope 1/n ranging between 0 and 1 is a measure of 

adsorption intensity or surface heterogeneity, becoming more heterogeneous as its value gets 

closer to zero. A value of 1/n below 1 indicates a normal Langmuir isotherm while 1/n above 

1 is indicative of cooperative adsorption [214]. From the linearised Freundlich plot of log(Qe) 

versus log(Ce), Freundlich constants KF and 1/n could be obtained. The R2 value corresponds 

to the magnitude of variation between the experimental data and the model equation. 

 

2.11.1.3 Temkin Isotherm 

Temkin isotherm considers the effect of indirect adsorbate-adsorbate interactions on 

adsorption isotherms. The heat of adsorption of all the molecules in the layer would decrease 

linearly with coverage due to adsorbate-adsorbate interactions [214]. The linearised form of 

Temkin isotherm has the following form: 

Q =
RT
b ln(A) +  

RT
b ln  (C ) 

where Qe is the amount adsorbed (mg/g), Ce is the equilibrium concentration of the adsorbate, 

while A (L/g) is the equilibrium binding constant corresponding to the maximum binding 

energy and B (= RT/b ), is the Temkin constant related to heat of sorption. R (8.314 J/mol K) 

is the universal gas constant and T (K) is the absolute solution temperature. From the plot of 

the above equation, the Temkin isotherm constants A and B could be obtained. The R2 value 

corresponds to the magnitude of variation between the experimental data and the model 

equation. 
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2.11.2 Adsorption kinetics  
 
2.11.2.1 Pseudo-First-Order Kinetic Model 

The pseudo-first-order kinetic Lagergren equation [215] is derived as: 

log(Q − Q ) = logQ −
k

2.303 t 

Where Qe and Qt are the amounts of MB adsorbed (mg/g) at equilibrium and at time t (min), 

respectively, and k1 (min−1) is the adsorption rate constant of pseudo-first-order adsorption. 

The validity of the model can be checked by linearised plot of log(Qe - Qt) versus t. Constants 

k1 and Qe could be obtained from the plot along with the R2 values which evidence the 

acceptability of the model in representing the experimental data. 

 

2.11.2.1 Pseudo-Second-Order Kinetic Model  

The second-order kinetic model is conveniently expressed in the linearised form as:  

t
Q =

1
k Q +

t
Q  

Where Qe and Qt are the amounts of MB adsorbed (mg/g) at equilibrium and at time t (min), 

respectively, and k2 is the rate constant (min−1). From the linear plots of t/ Qt against t the 

degree of agreement between the experimental and the calculated adsorption Qe,exp and Qe,cal 

could be obtained. In addition, the correlation coefficient values, R2 from the plot could also 

provide indication on the suitability of pseudo-second-order kinetic model to describe the 

adsorption dynamics.  

 

2.11.2.3 Intraparticle Kinetic Model 

The intraparticle diffusion equation [216] can be described as: 

Qt = Kpt1/2 + C 
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Where C is the intercept and kp is the intraparticle diffusion rate constant (mg.g-1min-1/2), 

which can be evaluated from the slope of linear plot of Qt versus t1/2. The R2 values for the 

Intraparticle diffusion would determine the suitability of this model describing the adsorption 

scenario. Though adsorption isotherm an kinetics have been extensively investigated on a 

vast amount of materials, there has been no conclusion on adsorption trends. Experimental 

investigation is still required to get identify the adsorption mechanism. 

 

2.12 Conclusions  

AC are powerful adsorbents that can efficiently remove several pollutants; however, their 

large-scale application is limited by high production costs. In this review, an attempt has been 

made to focus on the recent developments of AC related to the low cost agricultural wastes. 

The differences in the textural characteristics of these AC indicate the dominant influences of 

the precursors' strucrure and process conditions on their reactivity in the pyrolysis/activation 

reactions. With both conventional physical and chemical activation, AC with high surface 

areas might be obtained and adsorption behaviour might be controlled by carefully 

manipulating preparation parameters. Some produced AC, such as from palm shell, hold the 

potential to be economically viable and compete with the commercial ones. Although the 

amount of available literature data on AC adsorption is increasing at a tremendous pace, there 

are still several gaps which need to be filled. The conditions for the production of AC after 

surface modification for higher uptake of pollutants need to be optimized. Environmentally 

safe disposal of pollutants-laden reagent is another important topic of concern which should 

not be overlooked. As such, reagent recovery studies need to be performed in detail to 

enhance the economic feasibility of the activation process. It is also suggested that the 

research should be expanded to pilot-plant studies to check their feasibility on commercial 

scale. 
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CHAPTER III 

EXPERIMENT AND METHODOLOGY 

 

3.1  Introduction   

This section describes the materials, experimental methodology, statistical tool, textural 

characterization, adsorption and reagent recovery. It also describes the observations in the 

experiment. 

 

3.2  Materials 

3.2.1 Precursor  

The precursor, palm shell generated from the process line of palm oil mill, provided by Nam 

Bee Oil Palm Estate Sdn Bhd, had been utilized for experiments. The palm shells were water 

washed and dried at 105 °C in a hot air oven until it is completely dry, which were then 

crushed, sieved to various sizes and stored in airtight containers for further experimentation.  

 

Table 3.1(a) and (b) summarizes the various reports on proximate and ultimate analyses of 

palm shell, its char and PSAC. C and O are the most important element in raw palm shell, 

which constitute to more than 90% of total weight. The balance of weight is made of H, N 

and a trace amount of S. The ash content in palm shell is low, highlighting its suitability for 

production of activated carbon.  
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3.2.2  Chemical 

Analytical grade H3PO4, supplied by Sigma-Aldrich (M) Sdn Bhd, was used without further 

purification as chemical reagent. The H3PO4 was diluted from original 85% (wt/wt) to 65% to 

be used as the standard concentration for the entire experiment. At 65%, H3PO4 is easier to 

handle as its viscosity is relatively lower. In addition, H3PO4 at such concentration has been 

reported to promote a higher adsorption into the precursor than at 85% [14]. 

 

Table 3.1 Reported (a) proximate analysis and (b) ultimate analysis of palm shell (on dry 
basis and value is in wt %).  
 
a) Proximate analysis  
Volatile matter Fixed carbon  Ash Ref 
80.8 17.3 1.9 [1,2] 
79.4 19.6 1.0 [3] 
78.7 20.3 1.2 [4,5,6] 
77.6 19.8 2.6 [6,7,8,9,10,11,12,13] 

 
b) Ultimate analysis  
C H O N Ref 
53.7 5.6 40.5 0.2 [13] 
50.1 6.8 41.2 1.9 [3] 
50.0 6.9 41.0 1.9 [4,5,6] 

 

 

3.2.3  Adsorbates 

Analytical grade MB supplied by Sigma-Aldrich (M) Sdn Bhd, was used without further 

purification as dye adsorbate. The powdery form of MB was dissolved into distilled water 

before being used for adsorption investigation. A series of MB solution at different 

concentrations ranging from 1 mg/L to 10 mg/L were prepared and the concentration-

adsorption calibration curve. 10 ml of each MB solution were placed in a standard optical-

glass cells and the absorbance reading were determined using a UV-Visible 

spectrophotometer (Hach DR2800, Fig. 3.1) at a wavelength corresponding to the maximum 
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absorbance, 665 nm. A calibration graph was obtained by plotting the initial MB 

concentration, C0 against absorbance reading (Appendices 1).  

 

A standard dairy COD was prepared by dissolving milk based cream powder (Nestle 

creamer) in distilled water. Similar methods of making dairy COD were reported by several 

investigators [15,16,17,18,19]. The concentrations of dairy waste were measured in terms of 

COD value. The measurement of COD requires reaction between the adsorbate with specific 

reagent. For each measurement, 2.00 mL of samples were pipetted into the reagent vials. The 

mixture together with the vial was then heated at reactor (as shown in Fig. 3.2) at 150 °C for 

120 min. The cooled vials were subsequently inserted into 16-mm cell holder in the 

spectrophotometer (Fig. 3.1). A wavelength of 620 nm was used to measure the COD 

concentration. Various concentration of dairy COD were subsequently obtained via dilution 

with appropriate portion of distilled water and these samples were maintained uniformly 

throughout the investigations in order to retain the feed characteristics.  

 

Fig. 3.1. Spectrophotometer 
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Fig. 3.2. COD Reactor  

 

3.3  Experiment methodology and procedure  

3.3.1  Response surface methodology (RSM) 

 

The Design of Experiment (DOE) method selected was the Response Surface Methodology 

(RSM) as this optimization tool allows the development of mathematical models that permits 

assessment of the relevance as well as statistical significance of the factor effects being 

studied. The tool also valuates the interaction effects between these factors [20]. The 

multivariate optimization schemes involve designs for which the levels of all the variables are 

changed simultaneously. During the multivariate optimization procedure, there are two types 

of variables: the responses and the factors. These responses are the dependent variables and 

their values depend on the levels of the factors. Amongst the various methods, Box-Behnken 

Design (BBD) was chosen over the more popular Central Composite Design method (CCD). 

BBD required less numbers of experiments relatively than CCD. Furthermore, due the range 
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selected in this research, it is physically impossible to conduct some experiments using CCD 

due to combinations of which all factors are simultaneously at their highest or lowest limit 

(for instance, activation time = -30 min). In addition, Ferreira et al. [21] has demonstrated 

that BBD is a more efficient method than CCD. 

 

3.3.1.1 Box-Behnken Design 

Box-Behnken designs (BBD), a class of rotatable or nearly rotatable second-order designs 

based on three-level incomplete factorial designs [22]. For 3 factors its graphical 

representation can be seen in two forms: 

1. A cube that consists of the central point and the middle points of the edges, as can be 

observed in Fig. 3.3(a).  

2. A figure of three interlocking 22 factorial designs and a central point, as shown in Fig. 

3.3(b). 

The number of experiments (N) required for the development of BBD is defined as 

N=2k(k−1) +C0, (where k is number of factors and C0 is the number of central points). For 

comparison, the number of experiments for a central composite design is N=2k +2k +C0. A 23 

factorial design, with 5 replicates at the centre point with total number of 17 trials were 

employed. The coded factor level for this Box-Behnken design was given in Table 3.2. 3 

variables X1 (impregnation ratio), X2 (activation temperature) and X3 (activation time), were 

selected and further optimized using Box–Behnken design in RSM to determine the exact 

optimal values of the individual factors that demonstrate desired yield-porosity quality. The 

coded and uncoded values of the variables at various levels are given in Table 3.3.  
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Fig. 3.3. (a) & (b) the cube and three interlocking 22 factorial design for Box-Behnken Design 
 
 
Table 3.2 Coded factor levels for a Box Behnken Design of a three-variable system (with 5 
replicas at centre)  

No  X1  X2  X3     
1  -1  -1  0     
2  1  -1  0     
3  -1  1  0     
4  1  1  0     
5  -1  0  -1     
6  1  0  -1     
7  -1  0  1     
8  1  0  1     
9  0  -1  -1     

10  0  1  -1     
11  0  -1  1     
12  0  1  1     
C  0  0  0     
C  0  0  0     
C  0  0  0     
C  0  0  0     
C  0  0  0     
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Table 3.3 Coded and real concentration values of the independent variables  
Coded value Real value of variables   

 Impregnation ratio Activation temperature Activation time 

(level) wt H3PO4/wt PS °C min 

-1 0.50 350 30 
0 1.75 425 75 

+1 3.00 500 120 

 

 

The experimental results obtained in PSAC generation are presented in format as shown in 

Table 3.4. For statistical calculation, the relationships between the coded and actual values 

are described as following equation: 

 

Xi = (Ai + Ao)/  ΔAi  

 

Where Xi is a coded value of the variables;  

Ai the actual values of variables;  

Ao the actual values of the Ai at the centre points;  

ΔA  the step change of variable  

 

A non-linear computer-generated quadratic model as given in Eq. (3.1) was used for 

preliminary regression fits. Linear, interaction and quadratic effects of the factors were 

considered in this model. Coefficients of the respective effects were represented by β 

 

Y  =  β0 + β1 x1 + β2 x2 + β3 x3 + β11 x1
2 + β22 x2

2 + β33 x3
2 + β12 x1

 x2 + β13 x1
 x3 + β23 x2

 x3  

          (3.1) 

where Y is the predicted response, β0 is a offset term, β1 ,  β2 and  β3 are linear offsets, β11 ,β22 

and  β33 are squared offset, β12 ,  β13 and β23 are interaction effect and xi is dimensionless coded 
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value of Xi. Statistical software package Design-Expert (Version 6.0, State-Ease, USA) was 

used. Root Mean Square Error (RMSE) was calculated using the following formula, Eq. (3.2) 

[2]: 

 

RMSE =
( . .)

        (3.2) 

 

Where Exp. is the experimental value, Pred. is the predicted value from model equations and 

N is the total number of experiments. 

 

3.3.1.2 Analysis of variance (ANOVA) 

Regression analysis and ANOVA has been utilized for fitting the model and examining the 

statistical significance of the model terms. The statistical tool is available in the mentioned 

software. The results of the second-order response surface model fitting were evaluated in the 

form of ANOVA. Subsequently, a mathematical regression model for responses of BET 

surface area (Y1), pore volume (Y2), average pore diameter (Y3) and PASC yield (Y4), could 

be calculated based on Eq. (3.1). The F-test, t-test, R2, 3D response surface and 2D contour 

plots, etc. were examined to evaluate the model as well as to determine the optimum process 

conditions. 

 

The F-value (the Fisher variance ratio) was used to statistically measure how well the factors 

describe the variation of the data about the mean. This analysis showed the discrepancy of the 

F-value from unity. The further the F-value was from unity, the more certain it was that the 

factors explain adequately the variation in the data about the mean, and the estimated factor 

effects are real. The analysis of each model term, was able to study the significance of the 
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linear effect (x1, x2, x3), quadratic effects (x1
2, x2

2, x3
2) and interaction effects (x1

 x2, x1
 x3 , x2

 

x3) to the mathematical model generated.  

 

The accuracy of the modeling was evaluated by the determination coefficient (R2) and the 

adjusted determination coefficient R2
Adj. In this context, a high value of R2 would indicate the 

more the variability in the response could be explained by the model. In addition, a high 

value of R2
Adj would also indicate a high level of significance for the model. A close R2

Adj 

value is to unity is desired as it indicates the better the model fit the experimental data and 

hence, the smaller the difference between the predicted and observed values [23] 

 

3.3.2  Palm shell activated carbon development  

3.3.2.1 Impregnation of palm shell with H3PO4 

Dried palm shell was impregnated with a predetermined amount of H3PO4 solution, 65 

%(wt/wt) to achieve an desired IR. For example, 46.15 mL of 65% H3PO4 to 10 g palm shell 

for IR of 3. The H3PO4 soaked samples were left overnight and the excess water was 

evaporated in oven at 100 °C to ensure complete absorbance of the H3PO4 on to the palm 

shell particles. 
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Table 3.4 Box-Behnken Design: Experimental conditions  
Run   Impregnation ratio   Activation 

temperature 
  Activation time BET surface 

area  
Pore volume Average 

pore 
diameter  

# (wtH3PO4/wtpalm shell)  (°C)  (min) Y1 (m2/g) Y2 (cm3/g) Y3 (nm) 
  X1 Coded   X2 Coded   X3 Coded 

1 0.5 -1  425 0  120 1    
2 0.5 -1  500 1  75 0    
3 0.5 -1  425 0  30 -1    
4 0.5 -1  350 -1  75 0    
5 1.75 0  350 -1  30 -1    
6 1.75 0  500 1  120 1    
7 1.75 0  500 1  30 -1    
8 1.75 0  350 -1  120 1    
9 3 1  350 -1  75 0    

10 3 1  500 1  75 0    
11 3 1  425 0  120 1    

12* 3 1  425 0  30 -1    
13* 1.75 0  425 0  75 0    
14* 1.75 0  425 0  75 0    
15* 1.75 0  425 0  75 0    
16* 1.75 0  425 0  75 0    
17* 1.75 0   425 0   75 0       

*The centre point was replicated 5 times to estimate the experimental errors 
 
 

3.3.2.2 Semi-carbonization 

The acid soaked samples were semi-carbonised in a hot air oven (OSAW Industrial) at a 

preset furnace temperature of 170 °C for 1 h. This low temperature heat treatment method 

enables the partial release of volatile matter without the loss of carbon content.  

 

3.3.2.3 Activation  

The semi-carbonised material was activated in a muffle furnace (Protherm Furnace, 

PLF120/5) at a desirable activation temperature between 350 and 500 °C (for 30 to 120 min) 

under self-generated atmosphere. The feasibility and benefits of using 2-stage chemical 

activation method in a self-generated atmosphere are well documented in literature 

[24,25,26,27,28]. After activation, the samples were washed repetitively with distilled water 
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to remove residual acid. The completeness of washing process is confirmed with the 

conductivity of wash liquor less than 50 S, using conductivity meter. The final product was 

air dried at 105 °C, before being manually ground to fine powder. Sieved to a size below 120 

m, these PSAC were utilized for product characterisation. Fig. 3.4 (a), (b) and (c) shows the 

physical states of palm shell, its char and PSAC.  

 

 

Fig. 3.4. (a) Palm shell (b) semi-carbonised char and (c) palm shell activated carbon. 

 

3.3.3  Characterisation methods 

Palm shell, its chars and activated carbon was subjected to textural characterisation to study 

its chemical composition, surface area, pore volume, surface textural and pore characteristics. 

 

3.3.3.1 BET surface area and pore structure analysis  

Pore structure of the AC was characterized by N2 adsorption at -196 °C with an accelerated 

surface area porosimetry system (Micromeritics, ASAP 2020). Prior to gas adsorption 

measurements, the carbon was degassed at 300 °C in a vacuum condition for a period of at 

least 2 h. N2 adsorption isotherm is measured over a relative pressure (P/P0) range from 

approximately 10-7 to 1. The BET surface area is calculated from the isotherms by using the 

Brunauer-Emmett-Teller (BET) equation [29]. The cross-sectional area of N2 molecule is 
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assumed to be 0.162 nm. The Dubinin–Radushkevich (DR) method is used to calculate the 

micropore volume [30].  

 

3.3.3.2 Particle size distribution analysis 

The pore size distribution is ascertained by Non-local Density Functional Theory (NLDFT) 

[31] by minimising the grand potential as a function of the fluid density profile. The total 

pore volume [32] is estimated by converting the amount of N2 gas adsorbed at a relative 

pressure of 0.99 to the equivalent liquid volume of the adsorbate (N2). The mesopore volume 

is estimated by the subtracting the micropore volume from the total volume.  

 

3.3.3.3 Thermogravimetric analysis (TGA)  

Thermogravimetric analysis (TGA) was performed on palm shell, its chars and activated 

carbon with a thermogravimetric analyser (TA Instrument, Universal Analysis 2000 as shown 

in Fig. 3.5). In this analysis a sample is exposed to a temperature program (i.e. with a 

constant heating rate) while a balance detects weight changes [33]. All the samples were 

analysed at heating rate of 10 °C/min in an atmosphere of N2 gas with a constant purge flow 

of 40 mL/min. Residual and derivative weight of the sample with respect to time and 

temperature were recorded.  

 

3.3.3.4 Fourier transform infrared analysis (FT-IR) 

 

The presence of surface functional groups and structure of palm shell, its char and PSAC 

were investigated using Fourier transform infrared (FT-IR) analyser (Thermo Scientific 

Nicolet iS10, shown in Fig. 3.6). The char and PSAC were ground in a mortar to fine powder 

(<100 um) before they were mixed with KBr by a weight ratio of 700:1. The disc containing 
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the mixture was then placed inside the analysis chamber and the IR spectrum is obtained over 

a frequency between 500 and 4000 cm-1.  

 

Fig. 3.5. Thermogravimetric analyser 

 
 

 

Fig. 3.6. Fourier transform infrared spectroscope (FT-IR) 



84 
 

3.3.3.5 X-ray diffraction (XRD)  

X-ray diffraction (XRD) analysis of samples was performed by using XRD facility at the 

COMBICAT Research centre of Universiti Malaya. 

 

3.3.5.6 Scanning electron microscopy (SEM) 

SEM analysis of samples was performed by using scanning electron microscope facility at 

the COMBICAT Research centre of Universiti Malaya. 

 

3.4  Adsorption  

Adsorption investigations were conducted on 2 different adsorbates, methylene blue (MB) 

and dairy COD. The selections of these materials were based on their significant presence in 

industrial wastewater in Malaysia. In addition, both species form large organic chain and 

could only be effectively remove by activated carbon with sizeable average pore diameter 

such as mesopores, a key research interest of PSAC produced in this work.  

 

3.4.1  Adsorption isotherm 

The adsorption isotherm experiments were conducted with a fixed amount of 0.2 g of PSAC 

mixed with 100 mL MB or dairy COD solutions of various concentrations ranging from 600 

to 1400 mg/L for MB (200 to 2000 mg/L for dairy COD) in the isothermal shaker bath (Fig. 

3.7) for 24 hours at constant temperature of 30, 40 and 50 °C without altering the pH of the 

adsorbate solution. Preliminary experiments were carried out to ensure that the adsorption 

process reached equilibrium within 24 hours. The amount of MB and dairy COD adsorbed by 

the PSAC is estimated based on the difference in the concentration of the adsorbates before 

and after completion of the experiment, with simple mass balance. The MB and dairy COD 
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concentrations were measured using a spectrophotometer at respectively wavelength as 

discussed in Section 3.2.3. 

 

 

Fig. 3.7. Isothermal shaker bath 

 

3.4.2  Effect of pH on adsorption isotherm 

The effect of pH on MB and dairy COD adsorption was examined with the initial pH range of 

1-14. The initial pH of the solution is adjusted by using 0.1N HCl or 0.1N NaOH. Dose of 0.2 

g PSAC is added to 100 mL of solution having 1400 mg/L of MB and 800 mg/L dairy COD 

into 250-mL Erlenmeyer flasks. The flasks are then capped and constantly shaken in 

isothermal shaker at 100 Hz and 30 °C for 24 h. The pH is measured using a pH meter 

(Ecoscan, EUTECH Instruments). 
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3.4.3  Adsorption kinetics 

 The adsorption kinetics experiments were conducted with a fixed PSAC dose of 0.2 g at 

constant temperature and pH (30 °C and pH 7) with initial MB and dairy COD concentration 

of 600, 800 and 1200 mg/L. The change in concentration of the MB and dairy COD bath was 

monitored at intervals of time until no significant change in the concentration of the MB and 

dairy COD bath is observed. A significant variation in the concentration of the bath is 

observed until an adsorption time of only 120 min; the experiments were continued for 

duration of 240 min. 

 

3.5 Reclaimed H3PO4 activation 

H3PO4 were reclaimed and reused for successive activation in order to assess the effect of the 

reclaimed acid on the characteristics of the PSAC in the successive runs. The excess water in 

the reclaimed H3PO4 was removed by evaporation in oven (100 °C). Water fraction in the 

reclaimed reagent is slowly reduced by evaporating the H3PO4-water solution until it reached 

an original volume of 26.92 ml. H3PO4 recovery is calculated using below formula:  

 

% H3PO4 recovery = (Weight of product of activation before washing - weight of dried 

product of activation after acid recovery)/ Weight of H3PO4 

impregnated 

 

The reclaimed H3PO4 was subsequently reused for palm shell activation. The IR in all the 

reclaimed runs were maintained constant at the desirable value of 1.75, by suitably reducing 

the weight of palm shells, in accordance with the reduction in loss of H3PO4 in the previous 

run. Experiments are carried out for 3 successive runs using the reclaimed reagents. 
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3.6  Observations 

3.6.1  Palm shell activated carbon development  

a) H3PO4 concentration: Investigations were conducted using the various H3PO4 

concentrations for palm shell impregnation. At original concentration of 85% (wt/wt), H3PO4 

is found to be high in viscosity and does not mixed thoroughly with palm shell especially for 

low IR of  0.5.  At  such,  some  palm  shell  particles  were  not  “wetted”  (as  observed  in  changing  

to darker colour) and thoroughly impregnated by the reagent. Furthermore, substantiate with 

the disadvantages as highlighted in section 3.2.2, H3PO4 at 85% was not selected as the 

reagent preparation conditions. On the other hand, H3PO4 at 40% has relatively lower 

viscosity and mixed thoroughly with palm shell particles. It reacted well and produced PSAC 

with similar characterisation with of H3PO4 at 65% at a particular IR. Table 3.5 describes the 

BET surface areas of PSAC produced under various process conditions using H3PO4 at 65% 

and 45% concentration. As shown, the outcome of PSAC did not show much variation with 

the reagent concentration. It was observed that a much longer drying duration (at 100 °C in 

the oven) is required for H3PO4 at 45% due to the higher amount of water in the mixture. As 

such, the feasibility of using H3PO4 at 65% has been verified and was used for all PSAC 

preparation.  

b) Palm shell particle size: The influence of palm shell particle size ranging between <1.0 

mm to 4.0 mm were investigated at 2 different process conditions. The BET surface area, 

total pore volume and PSAC yield of these samples are shown in Table 3.6. Under similar 

process conditions, no appreciable differences observed on the BET surface are and total pore 

volume for PSAC prepared using palm shell particle between <1.0, 2.0-2.5 and 3.0-4.0 mm. 

This is in agreement with works by Lua and Guo in CO2 activation of PSAC [1]. However, 

the PSAC yield is found to be lower for particle size <1.0 mm. This observation is more 

evident with the increase of activation temperature; due to the increase in oxidation from its 
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much larger unit surface area. Hence, palm shell with particle size fraction of 2.0-2.5 mm was 

selected for subsequent studies as preparation conditions for this work.  

c) Impregnation ratio (IR): The influence of IR were assessed for range 0.5-4.0 and the 

results are presented in Fig. 3.8. The BET surface area increased with an increasing IR up to 

2.5. However, the BET surface area started to decrease slightly at IR 3.0 before drop 

marginally at IR 4.0. It was observed from the mixing that amount of H3PO4 begins to be in 

excess upon IR 2.5. Excessive impregnation of H3PO4 as observed in IR 4.0 resulted in 

undesired oxidation and thus reduce the BET value and PSAC yield.  

d) Activation temperature: H3PO4 has been associated with low temperature activation in 

comparison with other reagents such as KOH and ZnCl2. Investigation on influence of 

temperature on PSAC were conducted for temperatures between 350, 400, 500 and 600 °C 

and the BET surface area and PSAC yield of the samples is shown as Fig. 3.9. It was 

observed that the BET surface area increased with temperature up to 500 °C before 

deteriorated significantly at 600 °C. PSAC yield was found to decrease slightly (between 350 

and 500°) but reduced significantly at 600 °C. Hence, RSM analyses were made using 350 

and 500 °C as the investigation limits. 
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Table 3.5 BET surface area of PSAC activated at different IR 

Impregnation ratio H3PO4 concentration  Temperature Time BET surface area  
(wtH3PO4/wtPS) (%) (°C) (min) (m2/g) 
0.5 45 425 120 733 
0.5 65 425 120 725 

 
 

   1.75 45 425 75 1521 
1.75 65 425 75 1508 

 
 

   3.0 45 500 75 1562 
3.0 65 500 75 1965 

 

Table 3.6 BET surface area, total pore volume and yield of PSAC activated at various particle 
sizes of palm shell  
Activation condition  Particle size BET surface area  Total pore volume PSAC Yield 
(IR/temperature/time) (mm) (m2/g) (cm3/g) (%) 
0.50/425/120 <1.0 733 0.41 45 
0.50/425/120 2.0-2.5 725 0.38 46 
0.50/425/120 3.0-3.5 712 0.37 46 
     
1.75/425/75 <1.0 1511 1.24 41 
1.75/425/75 2.0-2.5 1508 1.25 48 
1.75/425/75 3.0-3.5 1499 1.24 47 
     
3.0/425/120 <1.0 1948 1.82 39 
3.0/425/120 2.0-2.5 1965 1.91 45 
3.0/425/120 3.0-3.5 1958 1.88 43 
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Fig. 3.8. BET surface area and yield of PSAC at IR 0.5-4.0 
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Fig. 3.9. BET surface area and yield of PSAC at activation temperature 350-600 °C 

 

f) Semi-carbonization: The volume of palm shell-H3PO4 mixture was found to shrink upon 

semi-carbonization at 170 °C. Besides of the loss of residue moisture, these volumetric 

reductions are due to the release of primary volatile matters. The palm shell particle structure 

is found to be much weaker and could be crushed with light pressing, indicating that semi-

carbonization result in reaction take place on the basic structure of palm shell. The effect is 

more significant with increase of activation temperature and IR. 

g) Activation under self-generate atmosphere: White smoke was found to be released from 

the vent of the furnace immediately after the semi-carbonised palm shell-H3PO4 mixture were 

activated in muffle furnace. These white smokes consist of gaseous volatile matters from 

activation and the discharge is found to increase to a peak before decreasing gradually to a 
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stage no visible smoke being released. This signifies the release of most of the volatile matter 

and activation is focus on the pore generations.  

h) Washing of activated complex: Water temperature was found to increase when the 

activated mixture is added with water. This is due to the exothermic process of H3PO4 

hydrolysis. The conductivity of the liquor was found to increase significantly with pH 

reduced to extreme acidic zone (pH <1). These observations were due to the dissociation of 

the H3PO4 molecules in water to produce hydrogen ion and polyphosphates ions. The 

conductivity of the washed liquor was found to reduce gradually and showing a decay profile 

during the repeated batch washing. As such, vast amount of distilled water is required to get 

bring the low conductivity to final 50 µS/cm. This indicates that phosphorus component is 

strongly embedded on the carbon structure during activation. 

 

3.6.2 Adsorption  

In the batch adsorption experiment for MB and dairy COD, PSAC was found to distribute 

evenly among the adsorbate. Encouraged with mild agitation, PSAC particles suspended well 

(no sediments) throughout the experiment, a favourable characteristic for powdered activated 

carbon (PAC). Adsorption has resulted a higher density in PSAC-adsorbate complex; with 

tendency to settle as sediments when left idle (as seen in Fig. 3.10). This is a positive 

characteristic of PSAC as the time required for separation upon adsorption is reduced.     

  

3.6.3 Reclaimed H3PO4 activation 

Evaporation of excess water: A large amount of distilled water is needed to thoroughly wash 

H3PO4 from the produced PSAC. Intensive evaporation is required to get rid of the excess 

water in the reclaimed H3PO4. Heating the H3PO4 solution at higher temperature (150 °C) 
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was able to accelerate the process slightly as compared to heating at 100 °C. Heating under 

vacuum chamber is found to improve the evaporation significantly.  

 

 

 

Fig. 3.10. Before and after adsorption of dairy COD at 2000 mg/L  
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CHAPTER IV 

PALM SHELL ACTIVATED CARBON DEVELOPMENT 

 

4.1 Introduction 

Many researchers have investigated the development of palm shell activated carbon (PSAC) 

using various chemical and physical activation methods. The process conditions adopted have 

been thoroughly assessed and textural characteristics of produced PSAC have been reviewed 

(section 2.8). These process conditions were found to be far from comprehensive. For 

instance, carbon yield, a key factor of process economy has not been well investigated and 

reported. Also, usage of continuous inert gas during activation, even though widely practiced, 

has not been justified. In this chapter, investigations were conducted on PSAC development 

using non-conventional H3PO4 activation, with the aims to achieve high carbon yield and well 

developed porosity simultaneously. Additional step of a semi-carbonization and activation 

under self-generate atmosphere, are the variations in the process as compared to conventional 

H3PO4 activation. Response Surface Methodology (RSM), a process optimization tool, has 

been adopted to assess as well as to optimize the development of key textural characteristics, 

i.e. surface area, pore volume, average pore diameter and carbon yield. 

 

4.2 Model development 

The optimum level of the key factors and the effect of their interactions on PSAC surface 

area development were determined by the Box–Behnken Design (BBD) of RSM. A total 17 
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experiments were conducted and the regression equation was developed to analyse factor 

interactions by identifying the significant factors contributing to the regression model and to 

determine the optimal values. All the 3 variables X1, X2 and X3 (IR, wtH3PO4/wt palm shell, 

activating temperature, °C and activating time, min) are shown in both coded and uncoded 

(actual) form in Table 4.1. Code values for the variable parameters were used to facilitate 

regression with -1 as the minimum level and +1 as the maximum level. The centre runs (0, 0, 

and 0) were repeated 5 times to determine the experimental error.  

 

4.3 The effects of activation parameters on the BET surface area 

The coefficients of empirical model and their statistical analyses were evaluated using the 

Design Expert 6.0.6 Software. The complete design matrixes together with the response 

values obtained from the experimental results for BET Surface area of PSAC are given in 

Table 4.1. The response of the centre point (IR: 1.75, activation temperature: 425 °C, and 

activation time: 75 min) was 1527 m2/g. Eq. (4.1) is the quadratic regression model for the 

BET surface area (Y1), an attempt to fit the data by least-squares, involving all the terms 

regardless of their significance.  

BET surface area, Y1=  1526.60 + 500.25*X1 + 454.63*X2 + 48.38*X3 - 244.30*X1
2 -

254.05*X2
2 - 82.05*X3

2 + 115.75*X1X2 + 168.25*X1X3 -

252.50*X2X3                (4.1) 

 

The quality of the model developed was evaluated based on the correlation coefficient R-

squared (R2), standard deviation values and R2 adjusted are presented in Table 4.2. 

 

 



99 
 

Table 4.1 The Box-Behnken experimental design: BET surface area, pore volume and 
average pore diameter 

Sample   
Impregnation 

ratio, 
wtH3PO4/wtpalm shell 

  Temperature, 
°C    Time, min   BET surface 

area  
Pore 

volume 

Average 
pore 

diameter  

 
      Y1, m2/g Y2, cm2/g Y3, nm 

  X1 Coded   X2 Coded   X3 Coded   
1 0.5 -1   425 0   120 +1   729 0.38 2.06 
2 0.5 -1  500 +1  75 0  663 0.34 2.06 
3 0.5 -1  425 0  30 -1  734 0.39 2.11 
4 0.5 -1  350 -1  75 0  330 0.14 2.43 
5 1.75 0  350 -1  30 -1  380 0.11 2.34 
6 1.75 0  500 +1  120 +1  1496 1.07 2.86 
7 1.75 0  500 +1  30 -1  2139 1.45 2.78 
8 1.75 0  350 -1  120 +1  747 0.41 2.19 
9 3.0 +1  350 -1  75 0  1162 0.49 2.44 
10 3.0 +1  500 +1  75 0  1958 1.90 3.27 
11 3.0 +1  425 0  120 +1  2003 2.13 3.53 
12* 3.0 +1  425 0  30 -1  1335 1.09 2.94 
13* 1.75 0  425 0  75 0  1540 1.25 2.71 
14* 1.75 0  425 0  75 0  1488 1.28 2.73 
15* 1.75 0  425 0  75 0  1632 1.31 2.66 
16* 1.75 0  425 0  75 0  1429 1.29 2.47 
17* 1.75 0   425 0   75 0   1544 1.29 2.65 

 *The centre point was replicated 5 times to estimate the experimental errors 
 
 

Table 4.2 Statistical parameters obtained from the ANOVA for the reduced models of BET 
surface area 
Variables BET surface area, m2/g 
Standard deviation, SD 232.52 
Mean 1253.47 
R2 0.9255 
R2 adjusted 0.8296 
Adequate precision  10.709 
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The coefficient of determination R2 of 0.9255 for Eq. (4.1) indicating that 92.55% of the total 

variation in the BET surface area was attributed to the experimental variables studied. The R2 

value close to unity is an indication of good agreement between the experimental and the 

predicted surface area development from this model. The value of the adjusted coefficient of 

determination (R2 adjusted), is found to be reasonably high (82.96%) asserting all the three 

variables studied to have synergistic effects on BET surface area and significant to the model 

[1,2]. For this model, the predicted R2 is in reasonable agreement with the adjusted-R2 as they 

are within 0.20 of each other. It is better to use adjusted-R2 instead of R2, because R2 

increases by addition of variables, but the adjusted R2 does not always increase as variables 

are added to the model [4,5]. The value of adequate precision (signal to noise ratio) of 10.709 

is high, indicates adequacy of the model to navigate the design space. 

 

The analysis of variance (ANOVA) to test the significance and adequacy of the quadratic 

model for BET surface area development is listed in Table 4.3. The test of lack-of-fit (LOF) 

is a special diagnostic test to determine whether discrepancies between measured and 

expected values can be attributed to random or systematic error. F-value, calculated as the 

ratio between the lack of fit mean square and the pure error mean square, is the statistical 

parameter used to determine whether the LOF is significant or not, at the significance level. If 

“Prob>  F”  value for LOF is less than 0.05, there is statistically significant LOF at the 95% 

confidence level. The ANOVA for response surface quadratic model indicate that F-value 

was 9.66 for BET surface area, implies that the model was significant because model terms 

has   value   of   “Prob>   F”   less   than   0.05. The Prob>F less than 0.05 are consider to be 

significant while higher than 0.1 are insignificant. In this case, X1 and X2 were significant 

model terms whereas X3, X1
2, X2

2, X3
2, X1X2, X1X3 and X2X3 were insignificant to the 
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response. The Prob> F of LOF for the BET surface area (Y1), models were smaller than 0.05 

indicating an undesirable significant LOF. 

 

The fitted regression equation showed good fit of the model and was successful in capturing 

the correlation between the process variables and the response variable. From the ANOVA 

analysis, the model was found to be adequate for predicting the optimized production of high 

surface area PSAC within the range of the preparation variables studied. 

 
 
Table 4.3 ANOVA for response surface quadratic model on BET surface area development  
Source  Sum of squares Deg. of freedom Mean square F value Prob > F 
Model 4699129 9 522125 9.66 0.003 
X1 2002001 1 2002001 37.03 0.0005 
X2 1653471 1 1653471 30.58 0.0009 
X3 18721 1 18721 0.35 0.5747 

X1
2 251295 1 251295 4.65 0.068 

X2
2 271753 1 271753 5.03 0.0599 

X3
2 28346 1 28346 0.52 0.4925 

X1X2 53592 1 53592 0.99 0.3526 
X1X3 113232 1 113232 2.09 0.1911 
X2X3 255025 1 255025 4.72 0.0664 
Residual 378465 7 54066 

  Lack of Fit 355858 3 118619 20.99 0.0066 
Pure Error 22607 4 5652     

 
 

To establish the ideal BET surface area, the three-dimensional response surface curves and 

contour plots were drawn using statistically significant model to understand the interaction of 

the parameters. Fig. 4.1 is the three-dimensional response surface which was based the most 

important two variables (activation temperature and IR) on BET surface area of PSAC. The 

activation time was fixed at centre level (t = 75 min). As can be seen from Fig. 4.1, the plot 

are approximately symmetrical in shape with semi-circular contour. It is found that at 
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activation time of 75 min, BET surface area is found to increase with activation temperature 

and IR before reaching a plateau at 500 °C and IR of 3. The highest BET value of 2099 m2/g 

was obtained within the range of both variables studied (500 °C and 3.0 IR). Similar pattern 

were observed on the two-dimensional representation. The contour plot of the response on the 

temperature and IR plane (Fig. 4.2) show semi-concentric curve with the maximum points of 

the variables.  

 

Fig. 4.3 is a 3D plot of BET surface area model for IR of 3.0. According to this prediction, 

the increase in activation temperature or duration, the surface area increases. Also can be 

inferred from the figure, the BET surface area stop to increase a certain limit of activation 

temperature, indicating optimum point for all the 3 variables within the range studied. The 

maximum predicted surface area for PSAC is indicated by the surface for temperature from 

463 to 500 °C, disregard the activation time (Fig. 4.4).  

 

The highest BET surface areas obtained in this work is 2139 m2/g is slightly lower than 

highest BET value reported at 2247 m2/g by Hamad et al. [6]. However it should be noted 

that the mentioned PSAC were produced using a much more complex chemical-physical 

process. Palm shells were washed and neutralized upon 24 h treatment with NaOH at 85-90 

°C. The material is then dried in oven before being activated at 800 °C for 2 h. This was 

followed by a second stage of activation using CO2 gas at 800 °C for 1.5 h. This process is 

technically more complex for up-scaling as compared to the method utilized in this work. 

Furthermore, due to the extensive treatment under much higher temperature, the resulted 

PSAC yield is 30% which is lower than PSAC yield achieved in this work. These adverse 

process conditions and outcome means the process is less economically attractive.  
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Fig. 4.1. Response surface plot (3D) of BET surface area (t= 75 min) 
 

 
Fig. 4.2. Contour plot (2D) of BET surface area (t= 75 min) 
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Fig. 4.3. Response surface plot (3D) of BET surface area (IR= 3.0) 
 

 

Fig. 4.4. Contour plot (2D) of BET surface area (IR= 3.0) 
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The feasibility and benefits of using 2-step chemical activation method in a self-generated 

atmosphere are documented in literature and are due to Srinivasakannan & Abu Bakar [7], 

Toles et al. [8], Girgis et al. [9], Vernersson et al. [10], Dastgheib & Rockstraw [11]. 

However, the mechanism of such activation has not been thoroughly investigated. It has been 

reported that porosity development in this stage is ascribed to the phosphoric oxides formed 

at the carbonization temperatures, which act as local oxidizing agents performing controlled 

gasification and the process actually requires the presence of a small amount of air (O2) [12]. 

While most activation applied an inert gas (mainly N2) to minimise potential of O2 oxidation; 

the significance of presence of trace amount of O2 has been overlooked.  

 

The presence of small quantity of O2 during activation has also been attributed to promoting 

porosity development. According to Klasson et al. [13], O2 possibly reacts with the carbon in 

the shells and generate volatile (combustible) gases from the heating of the materials. The 

reaction of a combustible gas (as CH4 equivalents) with O2 to create CO and CO2 is shown in 

Eq. (4.2) and (4.3): 

 

CH4 (equivalents) + 1.5O2→  CO + 2H2O              (4.2) 
 
CH4 (equivalents) + 2O2→  CO2 +2H2O              (4.3) 

 

The findings in this work (well developed surface area) correspond well with the work by 

Molina-Sabio et al. [13] who found that the atmosphere (N2 or air) did not affect the pore 

structure when sufficient H3PO4 was used for the impregnation (as seen in samples with IR of 

1.75 or 3.0). Thus we could conclude that the atmosphere used in this study, SGA responds 

well to the need of pore development. Activation under SGA could be viewed as pseudo-

physiochemical activation of which 2 reagents, H3PO4 and O2 (trace amount) activate the 
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palm shell simultaneously. This finding provides an important alternative to conventional 

H3PO4 method by eliminating the needs of a continuous inert gas flow.        

 

4.4 The effect of activation parameters on the pore volume and pore diameter 

The effect of the 3 variables on the pore volume and average pore diameter of PSAC were 

also investigated by RSM using three-dimensional plots and contour plots. An ideal PSAC 

for adsorption should have a large pore volume while PSAC with average pore diameter in 

the mesoporous region provides good adsorption of macromolecular adsorbates such as dye 

and organic waste. Using the coefficients determined, the predicted model in terms of actual 

factors for PSAC pore volume and average pore diameter are as shown in Eq. (4.4) and (4.5). 

 

Pore volume, Y2 =     1.28 + 0.54*X1 + 0.45*X2 + 0.12*X3 - 0.16*X1
2 - 0.40*X2

2 - 0.12*X3
2 

+ 0.30*X1X2 + 0.26*X1X3 - 0.17*X2X3             (4.4) 

Average pore diameter, Y3=     2.64 + 0.44*X1 + 0.20*X2 + 0.059*X3 + 0.012*X1
2 - 0.11*X2

2 

- 0.00425*X3
2 + 0.30*X1X2 + 0.16*X1X3 + 0.058*X2X3           (4.5) 

 

The value of the coefficient of determination, R2 for pore volume is found to be high 

(96.48%, as shown in Table 4.6), asserting all the 3 variables studied to have synergistic 

effects on pore volume. It also indicates a high significance of the model. The R2 value for 

average pore diameter is however slightly lower at 89.33%. ANOVA for pore volume and 

average pore diameter indicated that the F-value was 21.34 and 6.51 respectively, which 

implies that both models were significant.  

 

Table 4.4 and 4.5 show the ANOVA for regression model equations and coefficients for 

PSAC pore volume and average pore diameter while Table 4.6 and 4.7 summarised the 
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statistical parameters obtained from the ANOVA. From the analysis, all the 3 process 

variables are found to be influencing the development of pore volume while only IR and 

activation temperature are significant to average pore diameter. The analysis of F-value 

found IR to be the most significant factor on outcome of both pore volume and average pore 

diameter. Certain interactions between the process parameters have also shown considerable 

effects on both models while activation time has only a minor influence. Figs. 4.5 to 4.12 

show the interactions between the variables in response surface plot and contour plot for 

PSAC pore volume and average pore diameter using actual values for the entire axis. As 

observed, Figs. 4.5 to 4.8 are in agreement with ANOVA; i.e. pore volume is seen to increase 

with all 3 variables. One the other hand, no significant changes in average pore diameter were 

observed when IR is low (such as 0.5), regardless of the activation temperature (Fig. 4.9 and 

4.11). When the IR is higher, the increase in temperature result is larger average pore 

diameter. The result implies a minimum impregnation is required for large pore size PSAC to 

develop. On the other hand, Fig. 4.10 and 4.12 highlights activation time average pore 

diameter is the least significant when the shells are sufficiently impregnated.  

 
At sufficient activation time (t= 75 min), pore volume could increase 100 times from 0.02 to 

2.0 cm3/g, correspond to the change in activation condition from 350 °C at 0.5 IR to 500 °C at 

3.0 IR (Fig. 4.5 & 4.7). On the other hand, when palm shell is sufficiently impregnated, pore 

volume was found to increase with activation temperature (Fig. 4.6). A total pore volume of  

1.9 cm3/g (or higher) for PSAC generated in this study is found to be higher than those 

reported in available literature. A compilation of porous characteristics of the activated 

carbon from palm shells has been discussed in section 2.8, which clearly indicates the ranges 

of pore volumes using palm shells. It can be observed from the compilation that a pore 

volume of 1.27 cm3/g has only been reported by Guo & Lua [14], with the corresponding 

surface area being 1837 m2/g for palm shells.  
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Table 4.4 ANOVA for response surface quadratic model on pore volume 
Source    Sum of squares Deg. of freedom Mean square F value   Prob > F 
Model   5.80   9   0.64   21.34   0.0003 
X1 

 
2.38 

 
1 

 
2.38 

 
78.68 

 
< 0.0001 

X2 
 

1.63 
 

1 
 

1.63 
 

53.94 
 

0.0002 
X3 

 
0.11 

 
1 

 
0.11 

 
3.74 

 
0.0945 

X1
2 

 
0.11 

 
1 

 
0.11 

 
3.77 

 
0.0932 

X2
2 

 
0.68 

 
1 

 
0.68 

 
22.53 

 
0.0021 

X3
2 

 
0.06 

 
1 

 
0.06 

 
2.08 

 
0.1929 

X1X2 
 

0.37 
 

1 
 

0.37 
 

12.12 
 

0.0102 
X1X3 

 
0.28 

 
1 

 
0.28 

 
9.13 

 
0.0194 

X2X3 
 

0.12 
 

1 
 

0.12 
 

3.83 
 

0.0913 
Residual 

 
0.21 

 
7 

 
0.03 

    Lack of Fit 0.21 
 

3 
 

0.07 
 

145.47 
 

0.0002 
Pure Error 0.0019   4   0.00         

 

Table 4.5 ANOVA for response surface quadratic model on average pore diameter 

Source    Sum of squares Deg. of freedom 
Mean 
square   F value   Prob > F 

Model 
 

2.41   9 
 

0.27 
 

6.51 
 

0.0109 
X1 

 
1.55 

 
1 

 
1.55 

 
37.72 

 
0.0005 

X2 
 

0.31 
 

1 
 

0.31 
 

7.5 
 

0.0290 
X3 

 
0.028 

 
1 

 
0.028 

 
0.67 

 
0.4392 

X1
2 

 
0.0005813 

 
1 

 
0.0005813 

 
0.014 

 
0.9086 

X2
2 

 
0.047 

 
1 

 
0.047 

 
1.15 

 
0.0319 

X3
2 

 
0.00007605 

 
1 

 
0.00007605 

 
0.00185 

 
0.9669 

X1X2 
 

0.36 
 

1 
 

0.36 
 

8.77 
 

0.0211 
X1X3 

 
0.10 

 
1 

 
0.10 

 
2.49 

 
0.1583 

X2X3 
 

0.013 
 

1 
 

0.013 
 

0.32 
 

0.5881 
Residual 

 
0.29 

 
7 

 
0.041 

    Lack of Fit 0.25 
 

3 
 

0.082 
 

7.72 
 

0.0386 
Pure Error 0.042   4   0.011         
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Table 4.6 Statistical parameters for pore volume obtained from the ANOVA for the reduced 
models  
Variables Pore volume, cm3/g 
Standard deviation, SD 0.17 
Mean 0.96 
R2 0.9648 
R2 adjusted  0.9196 

 

 
Table 4.7 Statistical parameters for average pore diameter obtained from the ANOVA for the 
reduced models 
Variables Average pore diameter, nm 
Standard deviation, SD 0.20 
Mean 2.60 
R2 0.8933 
R2 adjusted  0.7562 

 

 

 

 



110 
 

 

Fig. 4.5. Response surface plot (3D) of pore volume (t= 75 min) 
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Fig. 4.6. Response surface plot (3D) of pore volume (IR=1.75) 
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Fig. 4.7. Contour plot (2D) of pore volume (t= 75 min) 

 

 

Fig. 4.8. Contour plot (2D) of pore volume (IR=1.75) 
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Fig. 4.9. Response surface plot (3D) of average pore diameter (t= 75 min) 
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Fig. 4.10. Response surface plot (3D) of average pore diameter (IR= 1.75) 
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Fig. 4.11. Contour plot (2D) of average pore diameter (t= 75 min) 
 
 

 
Fig. 4.12. Contour plot (2D) of average pore diameter (IR= 1.75) 
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Mesoporous AC is regularly associated with low surface area. Although the developed PSAC 

in this work are of mesopore rich, the total surface area were found to be high and unaffected 

(with average pore diameter and BET surface area are in excess of 2.5 nm and 1950 m2/g 

respectively). This accomplishment could be attributed to the high pore volume in PSAC. 

While transformation of micropores into mesopores sees the collapse of  micropores wall 

(that leads to lower surface area); the relatively larger volume in the PSAC contributed to the 

large surface area and compensated to the surface area loss. The unique nature of the porous 

carbon prepared in the present study, is expected to facilitate adsorption of large quantum of 

high molecular weight compounds with ease, owing to the pore size and the surface area. 

 

The pore size distribution (PSD) along with cumulative pore size distribution of the PSAC 

sample activated at 500 °C, 3 IR and 75 min is shown in Figs. 4.13 & 4.14. As shown in PSD, 

3 peaks with the first peak in the ultra-micropore range with pore size less than 1 nm, while 

the second peak within the range of 1 to 2 nm and the third one with a peak in the range of 2 

to 4 nm. The presence of significant amounts of pores in the size range in excess of 2 nm is 

well evidenced from the figure, with the contribution of mesopores being 76.7% of the total 

surface area. 

 

Fig. 4.15 shows adsorption-desorption isotherms of N2 at -196 °C on PSAC activated at 500 

°C. Between samples 2 and 7, a transition from narrow mesopores to large mesopores is 

noticeable, inline with the change from a horizontal plateau adsorption pattern to a more open 

knees and steep branches, corresponds to the difference between unfavourable to favourable 

impregnation condition (IR for sample 2 and 7 is 0.5 and 1.75). Such transition is also seen in 

the significant increase in surface area development (from 663 to 2139 m2/g). This 

observation signify the important of impregnation in AC development.   
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Also seen in Fig. 4.15, PSAC samples 6 and 7 were prepared at adequate impregnation and 

activated temperature (1.5 IR and 500°C) but activated at different duration. The volume 

adsorped by sample 7 (activation time of 60 min) is significantly higher than sample 6 

(activation time of 120 min) corresponds to the difference in N2 volume adsorbed. Prolong 

exposure to thermal treatment, coupled with high IR and activation temperature, would result 

in excessive reactions on the carbon surface which collapse the pore wall and reduce PSAC 

surface area. The difference in activation duration is seen in BET surface area and pore 

volume; 1496 m2/g and 1.07 cm3/g for sample 7 as compared to 2139 m2/g and 1.45 cm3/g for 

sample 6.  

 

The influence of activation temperature on adsorption-desorption isotherms are depicted in 

Fig. 4.16. All PSAC were impregnated with IR of 0.5 to assess the influence of activation 

temperature. Almost all samples exhibits isotherms horizontal to P/Po axis with little 

hysteresis observed due to low impregnation. PSAC sample 4, for instance was prepared 

under low activation temperature (350 °C), exhibit minimum gas volume adsorbed, 

correspond to low textural development (BET surface area and Pore volume: 330 m2/g and 

0.14 cm3/g). Increase in activation temperature assist in development of porosity as seen with 

multifold increase in gas volume adsorbed (Sample 1,2 and 3). However, the textural quality 

is still low (Sample 1: 729 m2/g, 0.38 cm3/g; Sample 2: 663 m2/g and 0.34 cm3/g).  
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Fig. 4.13. Pore size distribution of H
3 PO

4 -PSA
C
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Fig. 4.14. D
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Fig. 4.15. N
2  adsorption of PSA
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Fig. 4.16. N
2  adsorption of PSA
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4.5 The effects of activation parameters on the PSAC yield 

The complete experimental results of PSAC yield as well as the second-order response 

surface model fitting in the form of analysis of variance (ANOVA) are given in Tables 4.8 

and 4.9 respectively. The response surface models were derived for the PSAC yield from the 

17 experiments after discarding the insignificant effects. The quadratic regression model for 

the yield of PSAC in terms of actual factors is given by Eq. (4.6): 

 

PSAC yield, Y4=    48.00 - 0.37*X1 - 3.38*X2 - 2.00*X3 - 0.13*X1
2 - 0.13*X2

2 + 0.63*X3
2 + 

0.25*X1X2 + 0.00*X1X3 + 0.50*X2X3             (4.6) 

 

The coefficient of determination R2 of 0.8930 for Eq. (4.6) indicating that 89.3% of the PSAC 

yield was attributed to the experimental variables studied. From the ANOVA of the response 

surface quadratic model for PSAC yield (Table 4.9), the model F-value of 6.49 implied that 

the model was significant. Unlike the observation in responses for BET surface area and pore 

characteristics, IR is the least influential variable in comparison with activation temperature 

and time. It is further evident from Prob >F value, indicate that only X2 and X3 are significant 

while the rest of the terms are not.  

 

As expected, the PSAC yield is found to decrease from 54% to 43% with temperature. This 

observation is in agreement with most of AC investigations. High activation temperature 

could increase the volatility and rate of reaction between H3PO4 and precursor. Figs. 4.17 and 

4.19 show a weak interaction between activation temperature and IR. PSAC yield is almost 

solely determined by activation temperature. On the other hand, a stronger interaction 

between activation temperature and activation time was observed. Fig. 4.18 and 4.20 revealed 

PSAC yield decrease gradually with both factors.        
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Table 4.8 The Box-Behnken experimental design: PSAC yield 
Run   Impregnation 

ratio   Temperature   Time   PSAC yield 

# 
(wtH3PO4/wtpalm 

shell)  (°C)  (min)  Y4 (% wt/wt) 
  X1 Coded   X2 Coded   X3 Coded   

1 0.5 -1   425 0   120 +1   46 
2 0.5 -1  500 +1  75 0  46 
3 0.5 -1  425 0  30 -1  51 
4 0.5 -1  350 -1  75 0  51 
5 1.75 0  350 -1  30 -1  55 
6 1.75 0  500 +1  120 +1  43 
7 1.75 0  500 +1  30 -1  45 
8 1.75 0  350 -1  120 +1  51 
9 3.0 +1  350 -1  75 0  49 
10 3.0 +1  500 +1  75 0  45 
11 3.0 +1  425 0  120 +1  46 
12* 3.0 +1  425 0  30 -1  51 
13* 1.75 0  425 0  75 0  48 
14* 1.75 0  425 0  75 0  47 
15* 1.75 0  425 0  75 0  48 
16* 1.75 0  425 0  75 0  49 
17* 1.75 0   425 0   75 0   48 

 

Table 4.9 Statistical parameters obtained from the ANOVA for the reduced models for PSAC 
yield 
Variables PSAC yield, % 
Standard deviation, SD 1.48 
Mean 48.18 

R2 0.8930 

R2 adjusted  0.7553 
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Table 4.10 ANOVA for response surface quadratic model on PSAC yield 

Source    Sum of squares Deg. Of freedom Mean square 
F 

value   Prob > F 
Model   127.2   9   14.14   6.49   < 0.0110 
X1 

 
1.13 

 
1 

 
1.13 

 
0.52 

 
0.4957 

X2 
 

91.12 
 

1 
 

91.12 
 

41.83 
 

0.0003 

X3 
 

32.0 
 

1 
 

32.00 
 

14.69 
 

0.0064 
X1

2 
 

0.066 
 

1 
 

0.066 
 

0.030 
 

0.8670 

X2
2 

 
0.066 

 
1 

 
0.066 

 
0.030 

 
0.8670 

X3
2 

 
1.64 

 
1 

 
1.64 

 
0.75 

 
0.4137 

X1 X2 
 

0.25 
 

1 
 

0.25 
 

0.11 
 

0.7447 

X1 X3 
 

0.00 
 

1 
 

0.00 
 

0.00 
 

1.000 

X2 X3 
 

1.00 
 

1 
 

1.00 
 

0.46 
 

0.5198 
Residual 

 
15.25 

 
7 

 
2.18 

    Lack of Fit 13.23 
 

3 
 

4.42 
 

3.60 
 

0.0308 
Pure Error 2.0   4   0.50         

 

 



125 
 

 

 

Fig. 4.17. Response surface plot (3D) of carbon yield (t= 75 min) 
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Fig. 4.18. Response surface plot (3D) of carbon yield (IR= 1.75) 
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Fig. 4.19.  Contour plot (2D) of carbon yield (t= 75 min) 

 
 

 

Fig. 4.20. Contour plot (2D) of carbon yield (IR= 1.75) 
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From RSM analysis, activation temperature is found to have the biggest influence on the 

PSAC yield among the 3 investigated variables. The yield was found to decrease gradually 

with activation temperature (Fig. 4.17 & 4.18). Also observed, the PSAC yield is almost 

independent from IR when sufficient activation time is allocated (Fig. 4.19). Similar 

observation was reported by Prahas et al. on H3PO4 activated jackfruit peel, with the yield 

was found to remain constant for IR 1-4 within the activation temperature range of 350 °C to 

550 °C [17]. The variation in PSAC yield, however is small as compares to surface area and 

pore parameters. 

 

In addition to the porous nature of the AC, the yield is a desirable parameter to assess 

effectiveness of the activation process, as it relates to process economics. As shown in Table 

2.1 of the PSAC yields using different activation processes, the yield of PSAC utilizing 

present process is 48.1%, which is the highest of yield reported for palm shell based 

precursor. Guo and Lua [18] have reported a yield of 40%, while Hu et al. [19] have reported 

a yield of 37% with the activation using a combined physical-chemical activation using CO2-

ZnCl2. However, both the above work reported a surface area less than 1200 m2/g, 

substantially lower than the surface area and the pore volume generated in the present 

process. 

 

During thermal decomposition of lignocellulosic precursors, the presence of H3PO4 in the 

interior of precursor restricts the formation of tar as well as other liquids such as acetic acid 

and methanol by formation of cross-links, and inhibits the shrinkage of the precursor particle 

by occupying certain substantial volumes [18,20]. The H3PO4 forms a layer of linkage such 

as phosphate and polyphosphate esters, which could protect the internal pore structure and 

thus prevent the adsorbent from excessive burn-off. As the pore evolution for chemical 
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process commence at much lower temperatures, a higher yield is desirable than the thermal 

process where excessive burn-off is encountered at higher temperature. 

 

AC with high surface area (BET >2000 m2/g) and carbon yield (approximately 50%) have not 

been reported in open literature. This work provides the direct evidence that surface area 

development is not necessarily associate with excessive burn-off (which is seen in low AC 

yield). This observation highlights the significance of semi-carbonization. Such additional 

charring process to chemical activation provides a platform for early reactivity between 

reagent and palm shell that results in effective release of volatiles matters at low temperature, 

while leaving the carbon structure intact. Meanwhile, activated under self-generate 

atmosphere has significantly promote the phosphate reactions and generate a vast amount of 

pores.  

 

The gap between the ceramic door and muffle furnace wall is not completely air tight and air 

(O2) are drawn into the combustion chamber during activation. The variance in the amount of 

O2 drawn into the oven could have contributed to a moderate coefficient of determination 

(R2= 0.8930). On the other hand, the variety of polyphosphoric acids (with general formula of 

Hn+2PnO3n+1) in H3PO4 solution [21] may have some influence on the PSAC yield.  
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4.6  Conclusions 

In this study, palm shells were activated by H3PO4 using non-conventional chemical 

activation method. 3 parameters: activation temperature, impregnation ratio and activation 

time, selected as significant based on literature research, were further optimized by DOE 

numerical optimization tool, applying Box-Behnken Design (BBD) to calculate the optimum 

conditions to produce PASC with desired characteristics. The quadratic models were 

developed for BET surface area, pore volume, average pore diameter and PSAC yield using 

Design-Expert software. The statistical tests including test of significance, Lack-of-fit 

statistics and R-squared statistics approve that models can adequately represent the data. The 

following conclusions could be derived based on the present work: 

 

1. The DOE model and statistical analysis (ANOVA) were found to be reliable for 

optimization development of PSAC with high surface area and desirable porosity. The 

second-order polynomial models developed indicated that the optimum process 

conditions for BET surface area, porosity and PSAC yield.  

2. PSAC with favourable textural characteristics has been developed using H3PO4 

activation under self-generate atmosphere. IR and activation temperature was found to 

be significant to surface area development while activation time (if >30 min) is less 

significant. The PSAC developed at 500 °C for 30 min (IR 1.75) has the highest 

porous properties (BET surface area of 2139 m2/g). 

3. All 3 experiment variables were found to be significant to pore volume development. 

Pore volume could increase 100 times from 0.02 to 2.0 cm3/g, correspond to the 

change in process variables from lower to upper limits. 

4. Average pore diameter was found to be influenced by all 3 variables and increase 

from 2.06 to 3.54 with the increase in process variables.   
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5. The PSAC yield is high as compares to other H3PO4-PSAC or chemical activation 

methods. IR was found to be less significant as compared to activation temperature 

and time on PSAC yield.  
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CHAPTER V 

CHARACTERISATION AND ADSORPTION 

 

5.1 Introduction 

This chapter presents the development of palm shell activated carbon using 

thermogravimetric analysis (TGA) covering different process conditions. The changes on 

surface chemistry were assessed using Fourier transfer infrared (FT-IR) and scanning 

electrons microscopy (SEM) analysis. The equilibrium adsorption capacity of the activated 

carbon with respect to methylene blue and dairy COD was measured to assess the 

effectiveness of PSAC. The equilibrium adsorption data was utilized to identify an 

appropriate adsorption isotherm theory, by fitting the data with various adsorption isotherm 

models. 

  

5.2 Thermogravimetric analysis (TGA) 

5.2.1 TGA of palm shell 

The kinetic study of pyrolysis is essential to understand the degradation mechanism of 

biomass. Carbonization of untreated palm shell, H3PO4 treated char and AC were carried out 

under N2 atmosphere at a heating rate of 10 °C/min and the volatile evolution was monitored 

using TGA. The derivative thermogravimetric (DTG) curves were plotted against 

temperature in the same plot in order to understand the kinetics (Fig. 5.1). The carbonization 

process of the untreated palm shell can be approximately described by a strong evolution of 
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moisture and volatile that show three stages of weight loss, accounting for a total loss of 

74.2%.  

 

The first stage of weight loss of the palm shell occurs at 30-110 °C, contributes to 7.8% 

weight loss, could be attributed to the removal of water and light volatile compounds in palm 

shell (hydrogen, light hydrocarbons and tar). It is expected to show some variation depending 

on the nature of palm shell, moisture content and residual oil content. The second weight loss 

occurs over a wider temperature range (110 to 450 °C) accounting for highest weight loss of 

approximately 60%, could be attributed to decomposition of two main lignocellulosic groups, 

hemicellulose and cellulose. At the temperature range between 450 and 800 °C, the palm 

shell residual weight reduced from 33.7% to 25.8%, (weight loss of 7.9%) mainly attributed 

to the decomposition of remaining lignin. 

 

Two distinct peaks were observed between 230-450 °C, with the first peak at 280 °C could be 

attributed to the thermal decomposition of hemicelluloses, while second peak at 350 °C was 

due to the decay of with cellulose and lignin. This is in good agreement with observation by 

Luangkiattikhun et al. [1] and Yang et al. [2] but different with Guo & Lua [3] who have 

reported a higher peak temperature of 325 °C and 470 °C.  

 

It is generally agreed that the thermal decomposition of hemicellulose, contributs to the first 

peak, as it is the easiest of component to decompose, while the second sharper peak is due to 

degradation of cellulose, which has high thermal stability as compared to hemicellulose. 

Lignin decomposition, however, take place over a wider temperature interval and it overlaps 

with the decomposition of hemicellulose and cellulose.  
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These observations are in good agreement with works on various lignocellulosic materials as 

summarized in Table 5.1. Font et al. [4] observed two weight-loss steps in almond shell 

between 210-330 °C and between 330-400 °C, corresponding to hemicellulose and cellulose 

decomposition, with respective maximum weight-loss rates at 293 °C and 360 °C. Similarly, 

Chen & Wu [5] studied the pyrolysis of rice husks, and observed that hemicellulose and 

cellulose decomposes zone between 150-350 °C and 275-350 °C with maximum weight-loss 

rate at 360°C . The difference in peaks could be attributed to the lignocelluloses composition 

of the materials. As shown in Table 5.2, palm shell has higher lignin as compared to apple 

pulp and rice husk, in line with its relatively lower peak temperatures (1st and 2nd peaks).  

 

5.2.2 Effect of semi-carbonization for H3PO4 activation  

The volatile evolution during carbonization of the H3PO4 treated samples (Char and PAC) 

were monitored by TGA and the results were compared to those of untreated palm shell. 

TGA has been used widely in literature for process development as well as to understand the 

mechanism of  AC development. Danish et al. [6] used TGA to investigate the influence of 

reagents, CaO and KOH on thermal stability of Acacia Mangium wood AC while Teng et al. 

[7] employed TGA to understand carbonization process in AC development. Similar methods 

were utilized by Cuhadaroglu & Uygun [8] to evaluate the ability of KOH and NaOH in 

suppressing volatile matters release. Kriaa et al. [9] conducted TGA on lignin-AC and 

observed a strong evolution of volatiles occurring before 200 °C. Similar investigations have 

been reported on AC cloth and fiber [10]. To the author's knowledge, utilization of TGA to 

characterize palm shell char or PSAC has not been reported in open literature. As AC 

preparation in this work is different from conventional chemical activation, with additional 

step of semi-carbonization and activation under self-generate atmosphere, TGA could 

provide an insight on the non-conventional activation method using H3PO4. 
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Table 5.1 Summary for temperature of the peak maxima obtained on different materials 

Reference Material Peak Temperature, °C  
1st  2nd  

This work Palm Shell 283 348 
Luangkiatikhun [1] Palm Shell 295 365 
Yang [2] Palm shell 250 340 
Guo & Lua [3] Palm Shell 325 470 
Hayashi [40] Palm Shell 270 350 
R. Font [4] Almond Shell 310 368 
Elizalde-Gonzalez [41] Mango Pit  296 367 
Suarez-Garcia [42]  Apple pulp 233 328 
Chen & Wu [5] Rice Husk 217 316 

 
 
 
Table 5.2 Lignocellulosic composition of biomass 

Biomass  Lignin Peak Temperature, °C  
 (%) 1st 2nd 
Palm Shell 53.4 283 348 
Apple pulp 17.3 233 328 
Rice Husk 21.4 217 316 
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Fig. 5.2 shows a comparison of the carbonization behavior of palm shell, palm shell chars and 

AC, up to 800 °C [Note: All samples were thoroughly washed to remove H3PO4]. The 

similarity in weight loss trends in all three samples (30-250 °C) seems to be due to the loss of 

moisture content and a small fraction of light volatile compound. Subsequent mass loss trends 

for the char and PSAC are different from the original biomass. While the majority of weight 

loss for untreated palm shell occurred rapidly between 250 °C and 400 °C, a slower gradual 

trend being observed in palm shell char and AC. At the final temperature of 800 °C, only a 

small percentage weight loss was observed for PSAC (14%) as compares to char and 

untreated palm shell (44% and 74% respectively).  

 

Fig. 5.3 highlights the weight loss rate (DTG) vs the temperature for palm shell char and 

PSAC. While the pyrolysis of untreated palm shell consists of two distinct kinetic schemes 

(Fig. 5.1), only one-step scheme is observed for the char. The disappearance of those sharp 

peaks (which is due to the release of predominantly tars from untreated palm shell) at 250-

400 °C indicates the significant change in chemical composition in char. Even though semi-

carbonization was carried out at a relatively low temperature (170 °C), substantial release of 

volatilities has resulted in a carbon rich residual that exhibit higher thermal stability. H3PO4 

accelerates the bond cleavage reactions, leading to the early evolution of volatiles. This 

observation of early reactivity due to H3PO4 activation is in line with the reports due to 

Jagtoyen & Derbyshire [11]. TGA analysis on the effect of semi-carbonization, has not been 

reported in open literature, as only a very few earlier work utilized similar activation method. 

The semi-carbonization treatment could be seen as a mechanism to encourage the release of 

non-carbon elements (mainly N and O) as primary volatiles to leave behind a structure 

favorable for activation. This could possibly provide favorable AC preparation condition such 
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as low activation temperature and short activation time and high AC yield with well 

developed textural characteristics. 

 

On the other hand, no kinetic scheme was observed for PSAC. The first significant weight 

loss occurred only at 600 °C, indicating a thermally stable structure of PSAC. H3PO4 

activation has resulted in a highly cross linked structure in PSAC which is less prone to 

volatile loss. The observation highlights the capability of H3PO4 in suppressing volatilities 

during pyrolysis, which are in agreement with observation due to Teng et al. [7] and Kriaa et 

al. [9].  

 

The effectiveness of semi-carbonization is applicable only to H3PO4 activation (not with other 

reagents). H3PO4 is known for the ability to catalyze reaction at low temperature, as evident 

from the initiation of hydrolysis reactions upon mixing with precursor at room temperature 

[12]. Carbonization at 170 °C would further enhance the chemical reactivity, seen from the 

evolution of volatile matters that provide the right condition towards pore development. As 

indicated in Fig. 5.3, the minimum weight loss rate implies that PSAC becomes stabilized 

during H3PO4 activation. The weight loss was probably due to the release of CO and CO2 that 

may have remained unburned or partially burned during activation. Hence, it can be deduced 

from this study that the PSAC developed has high stability up to 600 °C. The low weight loss 

rate of PSAC implies that the H3PO4 activation method suppress the release of volatile 

matters during pyrolysis. This is in agreement with well developed surface area of PSAC 

reported in chapter IV.  
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5.2.3 Effect of activation temperature  

The volatile evolution of PSAC developed at 400 (PSAC-400), 500 (PSAC-500) and 600 °C 

(PSAC-600) during pyrolysis was monitored by TGA and the weight loss curve is show in 

Fig 5.4. In general, TGA curves of all PSAC samples are quite similar, with almost no loss up 

to 500 °C. This is followed by a zone with a marked drop in weight for temperature between 

500-800 °C.  

 

The weight loss for PSAC activated at 600 °C is the lowest at 14% while it is almost twice at 

23% for the other 2 samples. Activation at 600 °C not only provides the activation for most 

effective volatiles evolution, but also develops a highly cross-linked structure as seen in a 

thermally stable carbon. This is further evident in plots of weight loss rate vs temperature 

(DTG) (Fig. 5.5.). For temperature 150-600 °C, PSAC-400 exhibits the highest rate of weight 

loss followed by PSAC-500. One can observe that the rate of volatility of PSAC-600 is 

almost zero up to 500 °C, indicate a thermally stable structure.  
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5.2.4 Effect of impregnation ratio  

The RSM investigation has indicated the influence of IR on PSAC (discussed in Chapter IV). 

The TGA behavior of PSAC with IR between 0.5 and 3.0 (activated at 500 °C and 75 min) is 

as shown in Fig. 5.6. Due to treatment with same reagent, all PSAC samples exhibits almost 

similar weight loss profile.  

 

The PSAC weight loss decreases with increase in IR (from 0.5 up to 2.0, except for PSAC 

with IR 3.0). The increase of the reagent concentration is likely to promote more efficient 

H3PO4 reactions. Thus, under these conditions, the release of tarry materials would be 

minimized as seen in higher residue weight. On the other hand, excessively high IR of 3.0 

may be due to aggressive alteration by H3PO4 groups on the carbon surface  resulting in 

PSAC with weaker carbon structure or mechanical strength, which is prone to thermal 

degradation. The PSAC prepared with 0.5 IR, could possibly have significant residual 

amount of volatile matters that are yet to be effectively removed. Its removal during TGA 

could possibly be attributed for the weight loss. However the weight loss trend for all IR 

looks similar, indicating the effectiveness of H3PO4 activation on palm shell.  
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5.3 Fourier transform infrared (FT-IR) analysis 
Surface functional groups on the palm shell, its char and H3PO4 activated carbon were 

detected by Fourier transform infrared spectrometry (FTIR) for adsorption band 4000-500 

cm-1. Table 5.1 (a) to (c) summarize the wavenumbers and assignments of the main bands for 

all 3 samples.  

 

Table 5.1 (a) FT-IR adsorption band of palm shell 

Adsorption band  Assignments 
3595 and 3340 cm-1:    O-H stretching in acid and methanol 
1720 and 1508 cm-1: 

 
C=O stretching in ketone and carbonyl 

1605 cm-1: 
 

C=O stretching in quinones and carboxylic anhydrides 
1242 cm-1: 

 
C-O-C stretching in alkyl aryl ethers 

1033 cm-1: 
 

C-O stretching in –CH2OH 
      
 

Table 5.1 (b) FT-IR adsorption band of palm shell char 

Adsorption band 
 

Assignments 
3381 cm-1:   O–H stretching in hydroxyl functional groups 
2359 cm-1: 

 
C=O stretching in ketone, quinone and aromatic rings 

1601 cm-1: 
 

C=C stretching in alkyl aryl ethers 
1224 cm-1:   C-O-C stretching in ethers  

 

Table 5.1 (c) FT-IR adsorption band of PSAC 

 Adsorption band Assignments 
3375 cm-1:  O–H stretching in hydroxyl functional groups 
2360 and 2343cm-1:  C=O stretching in ketone, quinone and aromatic rings 
1559 cm-1:   C=O stretching in quinones, carboxylic anhydrides 
1507 cm-1:  C=C stretch in aromatic rings; 
1384 cm-1:  C-H bending in alkanes ; and  

1180 cm-1:   O-C stretching in P-O-C or P=OOH or P=O stretching in phosphate 
ester,   

668 cm-1:  O–H bending in phenol, ester, ether and aromatic 
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From the FT-IR spectrum, the main surface functional groups in palm shell are carbonyl 

groups (ketone, quinone) and ethers. Similar observations on palm shell were reported in 

other works [13,14]. The bands at 1750–1150 cm-1 which peak at 1163 cm-1 are likely due to 

methoxyl–O–CH3, C–O–C stretching and C=C stretching of aromatic rings. These are 

functional groups associated with the lignin, which is the main component of palm shell [2]. 

Upon semi-carbonization, the char displayed the surface functional groups of ketone, quinone 

and aromatic rings with the band attributed to C=O stretching vibrations at 2360 cm-1.  

 

Phenols, carboxylic anhydrides and carbonyl groups are acidic functional groups [15] found 

in H3PO4-activated PSAC. Similar observations were reported on other works on H3PO4-

activated PSAC [16,17]. These groups provide the acidic characteristic to the PSAC. In 

addition, a unique band attributed to C=O stretching vibrations at 2360 cm-1 could be found, 

which has not been reported in the previous PSAC studies. The presence of ketone is due to 

the incorporation of oxygen atoms at the edge of the aromatic sheet or within the carbon 

matrix during the activation process. In this case, oxygen atoms are from self-generated 

atmosphere that enriched carbon dioxide atmosphere. The appearance of a broad band 

between 1300 and 1100 cm-1 with a maximum at 1220-1180 cm-1 is observed in the spectra 

suggests significant alteration by H3PO4 activation. According to Puziy et al. [18], the band 

around 1220-1180 cm-1 is due to the stretching of hydrogen-bonded P=O in the phosphate 

ester, O–C bond in P–O–C linkage, or P=OOH bond. This observation indicates the 

incorporation of phosphates onto the carbon surface during H3PO4 activation. Such 

observation on PSAC has not been reported. As observed, chemical activation of a palm shell 

with H3PO4 results in significant change on surface chemistry of the PSAC having strong 

acidic surface groups. 
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The spectrum of FT-IR of H3PO4 activated PSAC at 0.5, 1.75 and 3.0 IR are shown in Fig. 

5.8. Overall, the spectrum of PSAC prepared at 0.5 IR is similar to samples prepared at IR of 

1.75 and 3.0, except for the stronger peaks in the spectrum, suggesting higher intensities in 

the oxygen functional groups. The surface functional groups of ketone, quinone and aromatic 

rings with the  band  attributed  to  C≡O  stretching  vibrations  at  2360  cm-1 is found to increase 

with IR.   

 

The influence of activation on PSAC surface characteristics has been assessed with FT-IR 

and spectrum is shown in Fig. 5.9. There are no conspicuous differences between the spectra, 

which obtained for PSAC developed at 300, 425 and 500 °C. The only detectable difference 

is in the small increase in intensity of 2360 cm-1 adsorption band with activation temperature.   

The growth of this band signify the increase in ketone, quinone and aromatic rings in PSAC. 

One can conclude this is could be due to the increase of oxygen atoms incorporation into 

carbon matrix with increase in activation temperature.  
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Fig 5.7. FT-IR
 spectra of palm

 shell, char and PSA
C

 (T= 425 °C
, IR

= 1.75, t= 75 m
in)
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Fig. 5.8. FT-IR
 spectra of PSA

C
 developed w

ith different IR
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Fig. 5.9. FT-IR
 spectra of PSA

C
 developed w

ith different activation tem
perature
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5.4 Scanning electron microscopy (SEM) analysis 

From the SEM micrograph, the development of cavities as a result of H3PO4 activation is 

clearly visible on the external surface of all PSAC samples, especially for PSAC activated 

under favorable condition [Fig. 5.10 (c) & (d)]. Low IR would result in PSAC with lower 

number of pores on carbon surface as shown in Fig. 5.10 (a) even though activated at 

favorable temperature and adequate activation time. On the other hand, Fig. 5.10 (b) shows 

the pore development under very unfavorable condition (300 °C, 0.5IR, 30 min); it is visible 

that the pores developed are smaller and highly irregular in nature. The   “nodule-like”  

structures in the interior of PSAC particles [Fig. 5.10 (d)] indicates phosphoric acid activation 

results in pore development inside the particle due to activation. 

 

Fig. 5.10. (a) SEM image of PSAC surface (T= 425 °C, IR= 0.50 and t= 30 min).. 
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Fig. 5.10. (b) SEM image of PSAC surface (T= 300 °C, IR= 0.50 and t= 30 min) 

 

Fig. 5.10. (c) SEM image of PSAC surface (T= 500 °C, IR= 1.75 and t= 30 min) 
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Fig. 5.10. (d) SEM image of PSAC surface (T= 500 °C, IR= 1.75 and t= 30 min) 

 

5.5 Palm shell activated carbon adsorption  

AC adsorption has been extensively used in the tertiary water treatment processes. The 

adsorption of macromolecules using AC has not been properly addressed in the available 

literature. In this chapter, PSAC samples with high fraction of mesopores are used in 

conjunction with the basic characteristics of macromolecules. Adsorption studies using PSAC 

have been conducted using MB dye and diary waste. The MB is a single molecule while the 

diary waste has high in molecular heterogeneity, tested based on the variation in COD.  

 

5.5.1 Adsorption equilibrium 

The influence of temperature on the MB and dairy COD adsorption rate and equilibrium on 

PSAC were investigated at three different temperatures of 30, 40 and 50 °C at an initial 

concentration of 1200 mg/L for MB (30, 35 and 40 °C at an initial concentration of 1400 
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mg/L for dairy COD). The developed PSAC is with a total pore volume and BET surface area 

of 1.9 cm3/g and 1958 m2/g respectively. The average pore diameter is larger than 3.2 nm, 

with the ratio of the mesopore to the total surface area in excess of 75%. Fig. 5.11 is a typical 

plot of the equilibrium adsorption of MB in the solid phase corresponding to the MB 

concentration in the liquid phase, showing the effect of temperature. A sharp rise in the 

equilibrium adsorption capacity at low concentration of MB in the liquid is observed, which 

reaches an asymptote at higher liquid phase MB concentration. It is further evident the 

increase in the equilibrium adsorption capacity of the PSAC with temperature of the 

adsorption process. As detailed in the experimental section, the solid and the liquid phase are 

maintained in contact at stable conditions over 24 hours to establish the equilibrium 

adsorption isotherm. 

 

An increase in the equilibrium adsorption capacity with increase in temperature indicates 

adsorption process being endothermic. The increasing temperature aids increasing the 

number of MB molecules to acquire sufficient energy to penetrate the external boundary 

layer of PSAC particles to enable the interaction with active site at the surface. In addition, 

Hameed et al. [19] reported an increase in temperature may produce a swelling effect within 

the internal structure of the adsorbent that enabling large dye to penetrate further. Meanwhile, 

Dogan et al. [20] suggested a possible mechanism of interaction is the reaction between the 

chromophere groups such as alcoholic, carboxylic and phenolic of the adsorbent surface and 

the cationic group in the dye molecule; such reactions could be favorable at higher 

temperatures. Also known, the increasing temperature would result in increase of the 

diffusion rate of adsorbate molecules across the external film layer and into the internal pores 

of the adsorbent particle [21,22]. Furthermore, an increase in temperature would also result in 

the shift of adsorption equilibrium due to Le- Chatelier Principle. 
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On the other hand, the PSAC adsorption characteristics on macromolecular adsorbate were 

investigated using dairy COD under similar process condition except temperature which is at 

30, 35 and 40 °C. The typical plot of the equilibrium adsorption of dairy COD waste 

corresponding to the various concentration in the liquid phase is shown as in Fig. 5.12. 

Unlike MB adsorption, the equilibrium adsorption capacity is found to rise gradually 

throughout the dairy COD concentration without a clear asymptote reached, even at initial SD 

concentration at as high as 1800 mg/l. It is also evident that dairy COD adsorption is less 

influenced by process temperature with adsorption value almost similar for all initial 

concentration applied. dairy COD is make up of various types of organics such as fats, 

proteins, carbohydrate and minerals, with each component may behave differently towards 

changes of temperature. As such, dairy COD adsorption by PSAC is highly heterogeneity in 

nature and the influence of temperature could not be clearly identified.  
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Fig 5.12. Effect of tem
perature on the dairy C
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 adsorption onto PSA
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The quantity of MB dye or dairy COD uptake by PSAC is found to be influenced by initial 

concentration and the temperature at different degree [23]. The adsorption isotherms 

generated at different temperature for the PSAC are tested with popular adsorption isotherm 

models to identify appropriate mechanism of adsorption. The experimental outcomes are 

fitted with the Langmuir, Freundlich and Temkin isotherm models to evaluate the model 

parameters by minimizing error between the experimental data and the model equation. The 

correlation coefficients, R2, served as an indicator to check the appropriateness of the model. 

The evaluated model parameters are listed in Table 5.3. 

 

5.5.1.1 Langmuir isotherm 

From section 2.2, the Langmuir equation, which is applicable to homogeneous sorption, can 

be described by the linearised form: 

Ce/Qe = 1/Q0b + Ce(1/Q0)  

 

The Langmuir constants Q0 (mg/g) and b (L/mg) are determined from the slope and intercept 

of the plot of specific adsorption, Ce/Qe against the equilibrium concentration, Ce as presented 

in Fig. 5.13 & 5.14 The close proximity of the experimental data with the model equation 

evidenced from the R2 value (Table 5.3) of 0.9998 and 0.9877 respectively for MB and dairy 

COD adsorption, demonstrates suitability of the Langmuir isotherm model.  

 

5.5.1.2 Freundlich isotherm 

From Section 2.13.1(b), the logarithmic form of Freundlich isotherm is given by the 

following equation: 

logQe = logKF + (1/n)logCe 
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where KF (mg/g)(L/mg)1/n and n are the Freundlich adsorption constant. 1/n is the 

heterogeneity factor that measure of the adsorption intensity as well as its favorability. The 

linearised Freundlich plot of logQe versus logCe is shown in Fig. 5.15 & 5.16 along with 

Freundlich constants KF and 1/n. The R2 value is shown in Table 5.3, and it corresponds to 

0.9694 and 0.9838 for MB and dairy COD adsorption respectively, demonstrating the 

magnitude of variation between the experimental data and the model equation. 

 

Table 5.3 Langmuir, Freundlich and Temkin isotherm constants for MB and dairy COD 
adsorption onto PSAC 
Isotherm   Methylene blue (MB)   Dairy COD 
Langmuir    Q0= 434.7 mg/g   Q0= 1250 mg/g 

  
b= 0.1729 L/mg 

 
b= 3.970 L/mg 

  
R2= 0.9998 

 
R2= 0.9877 

     
Freundlich 

 

KF= 227 
(mg/g)(L/mg)1/n 

 
KF= 166.3 (mg/g)(L/mg)1/n 

  
1/n= 0.1097 

 
1/n= 0.6774 

  
R2= 0.9694 

 
R2= 0.9838 

     Temkin 
 

A= 336.97 L/g 
 

A= 11.11 L/g 

  
B= 36.859  

 
B= 219.05 

    R2= 0.9868   R2= 0.9557 
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Fig. 5.14. Langm
uir isotherm
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O
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Fig. 5.15. Freundlich isotherm
 for M

B
 adsorption onto PSA
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Fig. 5.16. Freundlich isotherm
 for dairy C

O
D

 adsorption onto PSA
C
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Fig.5.17. Tem
kin isotherm
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5.5.1.3 Temkin isotherm  

From section 2.13.1(c) the linearised form of Temkin isotherm is expressed as:  

Qe = (RT/b)In(A) + (RT/b)InCe 

where A (L/g) is the equilibrium binding constant corresponding to the maximum binding 

energy and B (= RT/b ), is the Temkin constant related to heat of sorption. R (8.314 J/mol K) 

is the universal gas constant and T (K) is the absolute solution temperature. The plot of the 

above equation is shown in Fig. 5.17 (MB) and 5.18 (dairy COD) along with the Temkin 

isotherm constants A and B. The R2 value of the Temkin model is presented in Table 5.3 and 

it corresponds to 0.9868 and 0.9557 for MB and dairy COD respectively  

 

From Table 5.3, the highest R2 values correspond to Langmuir model with a R2 value of 

0.9998 and 0.9877, while the lowest value for MB adsorption corresponds to Freundlich 

isotherm model. The well fit of the experimental data with the Langmuir isotherm model 

indicate the adsorption behavior to observe predominantly a monolayer adsorption, involving 

chemical and physical adsorption. This observation is in agreement with literature on MB 

adsorption onto activated carbon prepared from palm shell [24], palm fiber, coconut husk 

[25], jute fiber [26] and sunflower oil cake [27]. No comparison could be made on dairy COD 

isotherms due to the absence of such works in available literatures. 

 

5.5.2 Effect of solution pH  

 The pH affects the surface charge of the adsorbents as well as the degree of ionization of 

different pollutants which may cause a shift in the equilibrium values of the adsorption 

process. As shown in Fig. 5.19, it is evident that pH does effect the MB adsorption onto 

PSAC significantly beyond a pH of 7, while its affect up to a pH of 7 is insignificant, 

although the figure shows a qualitative increase. On the other hand, it is observed pH 
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influenced dairy COD adsorption differently. The adsorption isotherm increase from pH 1 to 

optimum pH 3 before decrease gradually to pH 14. Phosphoric or polyphosphoric acids react 

with the carbonaceous precursor to form phosphate or polyphosphate esters resulting carbon 

adsorbents with strongly acidic surface groups [18]. The acid surface of H3PO4 activated 

carbons is obviously due to phosphorus and oxygen-containing species such as phosphate or 

polyphosphate esters, along with carboxylic and phenolic groups.  

 

At lower pH, the excess H+ ions deter the electrostatic attractions between positively charged 

MB cations and positively charged acidic surface site, resulting in a net ionic repulsion effect. 

As the pH increases, the availability of OH− ions increases the electrostatic attractions with 

the acidic surface sites of the PSAC. These transitions enhance electrostatic interaction with 

MB cations and hence increase the dye uptake. This is in agreement with observation due to 

Senthilkumaar et al. [26], using carbon from H3PO4 activated jute fiber (corchorus 

capsularis),who have reported a significant increase in MB adsorption in the pH range from 7 

to 10.  

 

Tan et al. [28], using adsorbent from HCl-treated palm shell, reported a significant increase in 

MB adsorption from pH 7 onwards. While Karagoz et al. [27] found a significant increase in 

MB adsorption with pH only until pH 6 (after which MB adsorption became constant) for 

adsorbent from H2SO4 activated sunflower oil cake. Similar trend were reported by Hameed 

on untreated garlic peel. On the other hand Lata et al. [29] reported an insignificant influence 

of pH, for carbon produced from H3PO4 activated biomass, (Parthenium hysterophorus) and 

Garg et al. [30] with untreated rosewood sawdust. These observations highlighted the 

complexity of AC adsorption with regards to surface chemistry and pore characteristics, in 

which is strongly depending on the nature of precursor and activation method.  
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5.5.3 Adsorption kinetics  

Adsorption kinetics is known to vary with the concentration of the adsorbent, agitation rate, 

the adsorption temperature, the pH of the solution and size of the adsorbent. At low agitation 

rate the resistance for mass transfer will be significant, which reduces with the increase in 

agitation rate. The agitation rate is chosen in the present study such that the mass transfer 

limitations are absent, evidenced from the preliminary experiments. The present study 

attempts to assess the effect of initial concentration of the MB dye and dairy COD, at a 

constant bath temperature of 30 ◦C, pH of 7, with the size of the adsorbent being less than 120 

m.  

 

Fig. 5.21 shows an increase in the rate of adsorption with increase in the initial concentration 

of MB from 600 to 1200 mg/L with the maximum adsorption corresponding to 306 to 421 

mg/g. It is found the removal of MB is rapid during the initial period while the uptake 

slowdown with increase in time. The reduction in the rate of adsorption with no significant 

variation in the concentration of the solution indicates the existence of saturation adsorption 

condition, which could be achieved approximately around 70 min. No significant changes in 

the MB dye uptake are observed with further increase of contact time up to 24 hours. Similar 

observations have been reported in the literature for the removal of dyes such as MB [31], 

malachite green [32] and methyl violet [33].  
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Fig. 5.20. Effect of pH
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In batch adsorption systems, a monolayer of adsorbate is normally formed on the surface of 

the adsorbent, and the rate of removal of adsorbate species from aqueous solution is 

controlled primarily by the rate of transport of the adsorbate species from the exterior/outer 

sites to the interior site of the adsorbent particles [31,32]. An increase in the initial MB 

concentration increases the mass transfer driving force to overcome all mass transfer 

resistances of molecules between the aqueous and solid phases [20]. Similar observation on 

dairy COD with maximum adsorption increase from 375 to 532 mg/g for initial concentration 

from 850 to 1250 mg/g. The same duration (70 min) in achieving saturation, indicating dairy 

COD adsorption may be via similar mechanism as MB.  

 

5.5.3.1 The pseudo-first-order kinetic model 

The pseudo-first-order kinetic Lagergren equation [34] is derived as: 

log(Qe–Qt) = logQe –(k1/2.303)t 

where Qe and Qt are the amounts of MB adsorbed (mg/g) at equilibrium and at time t (min), 

respectively, and k1 (min−1) is the adsorption rate constant of pseudo-first-order adsorption. 

The validity of the model can be checked by linearised plot of log(Qe – Qt) versus t. Fig. 5.23 

& 5.24 shows the linear plot of log(Qe – Qt) versus t, while Table 5.3 & 5.4 summarizes the 

model constants k1 and Qe along with R2 values. The R2 values which evidence the 

acceptability of the model in representing the experimental data is found to vary from 0.887 

to 0.9855 for MB concentration of 600-1200 mg/L while it is 0.8938 to 0.9341 for dairy COD 

for concentration of 850-1250 mg/L.  

 

5.5.3.2 The pseudo-second-order kinetic model 

The second-order kinetic model is conveniently expressed in the linearised form as:  

t/Qt = 1/k2Qe
2 + t/Qe 
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where Qe and Qt are the amounts of MB adsorbed (mg/g) at equilibrium and at time t (min), 

respectively, and k2 is the rate constant (min−1).  

 

The linear plots of t/ Qt against t are shown in Fig. 5.25 & 5.26. It is found, from Table 5.3 & 

5.4, there is a good agreement between the experimental and the calculated adsorption Qe,exp 

and Qe,cal. This is further supported by the correlation coefficient values for the second-order 

kinetic model which is almost equal to unity (R2=1) for all MB concentrations, highlighting 

the suitability of pseudo-second-order kinetic model to describe the MB as well as dairy COD 

adsorption dynamics.  

 

5.5.3.3 Intraparticle diffusion model  

The intraparticle diffusion equation [35] can be described as: 

Qt = Kpt1/2 + C 

Where C is the intercept and kp is the intraparticle diffusion rate constant (mg.g-1min-1/2), 

which can be evaluated from the slope of linear plot of Qt versus t1/2. The linearised plot of 

the intraparticle model equation is shown in Figs. 5.27 & 5.28. The R2 values for the 

Intraparticle diffusion is found to vary between 0.9561 to 0.9765 and is shown in Table 5.3 & 

5.4. 

 

For all MB concentration the R2 values is more than 0.99 for pseudo-second-order kinetic 

model, which is higher than that of the pseudo-first-order kinetic model and intraparticle 

diffusion model. The high values of correlation coefficients show that the data conformed 

well to the pseudo-second-order rate kinetic model. This is in agreement with the literature 

reports on the adsorption of MB using activated carbons from various biomasses [25-27,37-

38]. 



176 
 

 

Fig. 5.21. Effect of initial concentration on M
B

 adsorption rate onto PSA
C

 (▲
:  600m

g/L;;  ■: 800m
g/L; ♦:1200m

g/L) 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 0 
50 

100 
150 

200 
250 

Qt (mg/g) 

t (m
in) 



177 
 

 

Fig. 5.22. Effect of initial concentration on C
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Fig. 5.23. Pseudo-first-order  plots  for  different  initial  M
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 Fig. 
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Fig. 5.25. Pseudo-second-order plots for different initial M
B
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Fig. 5.26. Pseudo-second-order plots for different initial dairy C
O
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 concentrations (▲
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Fig. 5.27. Intraparticle diffusion plots for different initial M
B
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Fig. 5.28. Intraparticle diffusion plots for different initial dairy C
O

D
 concentrations (▲
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Table 5.4 Non-linear kinetics parameters calculated for MB adsorption onto PSAC 
MB: Adsorption kinetic  Initial Concentration, Co (mg/L) 
  600 800 1200 
Pseudo-first-order kinetic model       
Qe, exp (mg/g) 306 350 421 
Qe, cal (mg/g) 312 278 382 
k1 (min-1) 0.06702 0.05481 0.06541 
R2 0.8872 0.9524 0.9855 

    Pseudo-second-order kinetic model 
   Qe, cal (mg/g) 312.5 357.1 434.8 

k2 x10-4 (min-1) 4.357 5.158 3.527 
R2 0.9974 0.9987 0.9982 

    Intraparticle diffusive model 
   kP (mg.g-1min-1/2) 34.408 33.713 53.119 

C 43.386 91.046 42.038 
R2 0.9736 0.9765 0.9561 

 
 
 
 
Table 5.5 Non-linear kinetics parameters calculated for dairy COD adsorption onto PSAC 
Dairy COD: Adsorption kinetic  Initial Concentration, Co (mg/L) 

 
850 1000 1250 

Pseudo-first-order kinetic model       
Qe, exp (mg/g) 375 448 532 
Qe, cal (mg/g) 214.44 279.58 356.94 
k1 (min-1) -0.12 -0.0116 -0.0113 
R2 0.9268 0.8938 0.9341 

    Pseudo-second-order kinetic model 
   Qe, cal (mg/g) 384.62 769.23 555.56 

h (g/mg.min) 54.95 37.59 50.51 
k2 (min-1) 0.1429 0.0489 0.0909 
R2 0.9988 0.9299 0.9983 

    Intraparticle diffusive model 
   kP (mg.g-1min-1/2) 49.9 44.08 49.16 

C 
   

R2 

0.9924 
0.9932 
0.9978 

0.8961 
0.9251 
0.9943 

0.9456 
0.9937 
0.9994 
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5.5.4 Comparison of MB uptake by PSAC with other biomass based AC 

Table 5.6 shows the compilation of the various maximum MB adsorption capacities reported 

in literature for different biomass precursors. The maximum MB adsorption capacity of the 

activated carbon produced in the present study is well among the highest reported owing to 

the high pore volume and the surface area with appropriate pore diameter. Among the 

different published literature only the report due to Hameed et al. [39], shows an MB 

adsorption capacity of 454.2 mg/g, for the bamboo precursor using combined physical-

chemical activation. However it should be noted that the bamboo-activated carbon were 

produced from a much more complex process i.e. carbonization at 700 °C for 1 h under N2 

atmosphere followed by KOH (1:1 impregnation ratio) with activation temperature of 850 °C 

for 2 h. Tan et al. [24] with the palm shell precursor using KOH activation have reported only 

244 mg/g but at higher activation temperature of 850 °C. In general the majority of the 

literature reports a lower MB adsorption capacity with the activation temperatures and time 

being significantly higher than that utilized in the present study. The higher adsorption 

capacity coupled with simplified experimental conditions of activation in a self-generated 

atmosphere, lower activation time and temperature, with significantly higher yield well 

augurs the present process commercially favorable, in comparison with the existing 

processes. 
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5.6 Conclusions 

Thermal decomposition of palm shell, its char and PSAC were studied by TGA analysis. 

Effect of semi-carbonization and the non-conventional H3PO4 activation method (under self-

generate atmosphere) were investigated. The surface chemistry of the PSAC were assessed 

by FT-IR and SEM. This study also investigates the use of PSAC for the removal of MB and 

dairy COD before modelled based on developed adsorption isotherm and kinetics models. 

The following conclusions could be derived based on the characterisation and adsorption 

study pertaining to the developed PSAC: 

 

1. Based on the TGA analysis, pyrolysis process of palm shell consist of two distinct 

kinetic schemes, while only single step was observed for the char, indicating the 

significant contribution by semi-carbonization towards textural development. No 

kinetic scheme observed on PSAC signifies its low volatility and correspond to well-

developed textural characteristics.  

2. Chemical activation with H3PO4 results in significant change on palm shell surface 

chemistry and produced PSAC with strongly acidic surface groups. However no 

observable variation in surface functional groups on PSAC prepared with different IR 

and activation temperature.  

3. The pore characteristics of the PSAC are highly favourable for adsorption of high 

molecular weight compounds. The PSAC exhibits a high MB equilibrium adsorption 

capacity of 438 mg/g with the adsorption isotherm increasing with the adsorption 

temperature. Similar trend was observed in dairy COD uptake by PSAC with 

maximum adsorption could be higher than 1000 mg/g at high initial concentration.   

4. Among the various adsorption isotherm models, the Langmuir model is able to 

explain the adsorption process well, evidenced by the proximity of the model with the 
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experimental data while among the different kinetic models tested with the 

experimental kinetic data, a pseudo-second-order model is found to fit the 

experimental data with close proximity. This finding is applicable for MB as well as 

dairy COD adsorption by PSAC.  
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CHAPTER VI 
 

RECEOVERY AND REUSABILITY OF REAGENT 
 

6.1 Introduction 

This chapter reports the investigation on the influence of activation temperature on the 

recovery of H3PO4 and activation efficiency of the reclaimed acid with the focus on textural 

characteristics of the PSAC produced. H3PO4 is reclaimed and reused for successive palm 

shell activation in order to assess the effect of the reclaimed acid on the characteristics of the 

activated carbon in the successive runs. The impregnation ratio in all the reclaimed runs are 

maintained constant at the desirable value of 1.75, by suitably reducing the weight of palm 

shells, in accordance with the reduction in loss of H3PO4 in the previous run. SEM analysis 

we conducted and the presence of surface functional groups and structure of palm shell, its 

char and activated carbon were investigated using Fourier transform infrared (FT-IR) and X-

ray diffraction (XRD) analyser. 

 

6.2 H3PO4 recovery 

Fig. 6.1 shows the recovery of H3PO4 for 3 successive runs using reclaimed H3PO4 at an 

activation temperature range of 375-525 °C. It is found that more than half of the H3PO4 is 

lost upon 3 successive runs at all activation temperatures. Activation at 375 °C is found to 

have the highest residual acid of 46% (wt/wt) while the lowest is recorded for 525 °C at 30%.  
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Activation at temperature range 375-475 °C have little effect on the recovery of H3PO4 as the 

recovery is found to be approximately 45%. 

 

For each activation temperature, the fraction of reagent lost in reclamation starting with fresh 

H3PO4 and 3 subsequent activations using the reclaimed H3PO4 are shown in Fig. 6.2. A 

fraction of H3PO4 is found to be unrecoverable upon activation using fresh acid. The 

percentage loss is found to be in the range of 21-26% irrespective of whether the activation is 

performed with fresh H3PO4 or with reclaimed acid for activation temperature in the range of 

375–475 °C. However the loss is found to be higher in the range of 31 to 35% at the 

activation temperature of 525 °C.  

 

The data presented in Fig. 6.1 & 6.2 clearly indicate the inability of the process to fully 

recover the H3PO4 upon activation irrespective of the activation temperature. The loss of 

reagent could be attributed to a fraction lost during handling, which is a minor factor and 

uniform in all experiments, considering the consistency of procedure followed in the recovery 

process. Apart from the handling loss the process loss could be due to the introduction of 

phosphorus into the carbon matrix which is fixed in some chemically bonded forms, such as -

C-P- bonds or -C-O-P bonds [1,2,3,4]. The addition or insertion of phosphate groups drives 

the process of dilation that after removal of the acid leaves the matrix in an expanded state 

with an accessible pore structure. Washing the carbon after activation would not remove all 

the phosphorus and therefore fail to expose the complete pore structure of the carbon, 

resulting in some of the pores being closed. Presence of chemically bonded phosphorus 

compound in H3PO4 activated carbon is well documented and further evidence indicate high 

stability of the phosphorus compounds fixed at higher temperatures in excess of 500 °C [3], 

which explain the higher proportional loss of the reagent at 525 °C 
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The reagent recovery in the present study is lower as compared to other activating agents 

such as KOH, with the percentage recovery reported as high as 97% [5]. KOH is not a 

dehydrating agent and is strictly   restricted  to  the  external   surface.   It  doesn’t   form  chemical  

linkages or embed into pore cavity, rather remains as solid upon activation. This is evident 

from the textural characteristics of the carbons produced using KOH with high narrow-micro 

porosity [6]. Also, these basic agents react only after the precursor has been at least partially 

carbonised at higher temperatures [7,8,9]. This reduces the potential of permanent chemical 

bonding with surface structure. Even at high impregnation ratios, no significant visual change 

such as swelling of mixture or formation of tar is observed [6]. Absence of such physical 

changes in swelling or contraction further reduces entrapment potential of KOH molecules 

which result in higher reagent recovery. Reaction between the KOH and the precursor leads 

to the formation of volatile or soluble products (removed during the final washing of the 

product), such as K2CO3 [10] as compared to insoluble phosphate esters. The high activation 

temperature for KOH activation process results in relatively lower carbon yields which are 

reported to be for PSAC: 27.4% [11]; oil palm fibre: 22.5% [12]; oil palm fronds: 21.6% 

[13]; corn cob: 22% [14]; coconut shell: 13.2% [15]; peanut hull: 32% [16] and pistachio-nut 

shell: 22% [17]. 

 

Chemical activation mechanism of ZnCl2 is rather similar to H3PO4 activation as both 

activating agents involve cross-linking reactions resulting in aromatisation in the carbon 

structure and tar product yield [18]. H3PO4 is a Bronstead acid and strong dehydrating agent, 

thus being more effective to induce bond cleavage than ZnCl2. The small size of the ZnCl2 

molecule encourages reagent recovery while H3PO4 is a mixture of multiple types of 

molecules from the small H3PO4 and H4P2O5 to larger size of H13P11O34 [6] resulting a higher 

possibility of entrapment of the molecule and more difficult to leach out using similar 
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washing method. The ash content produced by H3PO4, chemical activation is also 

significantly higher as compared to ZnCl2 [18]. 

 

6.3 Activated carbon yield 

Activation temperature plays an important role on the yield of activated carbon. The yields of 

PSAC in this study is found between 45 and 55% for activation at temperature range 375-475 

°C. Dehydration of palm shell by H3PO4 occurs before palm shell pyrolysis, resulting in a 

well developed porous texture and good yields. In addition, it is the dehydrogenation 

properties of H3PO4 that inhibit formation of tar and reduce the production of other volatile 

products during pyrolysis. High yield of lignocellulosic activated carbon are well 

documented, for other precursors activated with H3PO4: peach stones: 42–44% [19], woods: 

45% [20], bamboo: 46% [21], coconut shells: 49–52% [22], vetivers root: 47–49% [23-56] 

and olive-waste cakes: 43% [24]. 

 

The variation of the heat treatment temperature below 475 °C does not exert any remarkable 

effect on the yield of PSAC. This is in agreement with findings of Gomez-Tamayo et al. [25] 

on H3PO4 activated evergreen oak. A qualitative trend in the yield reduction of activated 

carbon with increase in temperature of activation can be observed from Fig. 6.3, with the 

effect being more pronounced at a higher activation temperature of 525 °C. An increase in the 

activation temperature indicates the increase in rate of reaction between the precursor and the 

H3PO4, evidenced from the reduction in the yield. At high temperature, the weight loss rate of 

carbon is higher, primarily due to the initial large amount of volatiles (which can be easily 

released) as well as the loss of moisture to a lesser extent. This is in agreement with works by 

Liou & Wu [26] stating a visible declined of yield after 500 °C in H3PO4 activated rice husk. 
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All the experiments including both fresh as well as reclaimed H3PO4 activations are fixed at 

constant impregnation ratio of 1.75. As shown in Fig. 6.3, negligible decline in PSAC yield is 

observed using reclaimed H3PO4 at activation temperature range 375–525 °C, asserting the 

reclaimed reagent is not influenced by the numbers of successive runs with reclaimed acid. 

 

6.4 BET surface area analysis 

Fig. 6.4 shows the BET specific surface area of PSAC at different activation temperatures 

using fresh and reclaimed H3PO4. The BET specific surface area increases in accordance to 

the activation temperature of 375 to 525 °C, with the maximum BET surface area of 2153 

m2/g at an activation temperature of 525 °C with fresh H3PO4 acid. As can be observed from 

the figure although the highest surface area carbon is produced at 525 °C, the utilization of 

reclaimed acid for successive activation significantly reduces the textural characteristics of 

the carbon. However at temperature range of 375-475 °C, PSAC produced using reclaimed 

H3PO4 possess an extensive surface area, provided activation is at constant impregnation 

ratio. PSAC from reclaimed H3PO4 exhibited BET surface areas almost similar with the 

PSAC produced using fresh H3PO4, asserting the functionality of reclaimed acid is still intact 

and not deteriorated with the number of reuse in impregnation-activation. A significant 

increase in the surface area is observed with increase in the activation temperature up to an 

activation temperature of 475 °C, with all the subsequent reclaimed runs as well confirming 

the repeatability of the surface area. The surface area seems to reach a plateau at 475 °C 

indicating the optimum conditions around 475 °C. Hence the optimum conditions for 

activation has been identified to be an activation temperature of 475 °C, with an impregnation 

ratio of 1.75, at an activation time of 75 min. 
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On the aspects of reuse of H3PO4 for activation Guo & Lua [27] and Toles et al. [28] have 

reported a sharp decline in the BET surface area. Reclaimed reagent activation in both works 

were based on assumption H3PO4 could be recovered wholly and available for all subsequent 

activation. H3PO4 recovery ratio were not measured or reported. In view of the significant 

portion of unrecoverable in H3PO4, activation with reclaimed H3PO4 in those works was 

likely to be at lower impregnation ratio. It is well known that the impregnation ratio is one of 

the significant parameters that greatly influence the porosity development. This indicates that 

each successive run using reclaimed acid, was conducted at a lower impregnation ratio, 

which sufficiently explains the contradicting behaviour of results reported in literature as 

compare to the present study. The reported drastic decrease in surface area with the reclaimed 

H3PO4 could be due to low impregnation ratio in spite of the report of silicate pollution from 

glassware that inhibits surface area development.  

 

When activated at 525 °C, BET surface area prepared using reclaimed H3PO4 decline 

drastically as compared to PSAC prepared using fresh acid. The BET surface area of PSAC 

reduced from 1575 m2/g in 1st reclaimed activation run to 941 m2/g in 3rd reclaimed activation 

run. It appears that activation temperature of 525 °C has severe effect on the functionality of 

reclaimed H3PO4, even though the successive activation runs are at constant impregnation 

ratio. Pore volume of PSAC increase with activation temperature up to 475 °C as shown in 

Fig. 6.5, with the largest pore volume being 1.3 cm3/g. As a case of comparison with other 

activating agents, Hu et al. recorded a pore volume of 0.9 cm3/g for coconut based activated 

carbon with BET surface area of 2309 m2/g [15] while Zuo & Han has recorded a BET 

surface area of 2400 m2/g and a pore volume of 1.4 cm3/g for coal based activation carbon 

[29].    
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A drastic reduction in pore volume at an activation temperature of 500 °C with H3PO4 has 

been reported by Carrott et al. [30] which is in agreement with the present results. At 

temperatures above 500 °C, the phosphate and polyphosphate bridges become thermally 

unstable and the decrease in surface area/pore volume is the result of an increase in the size 

of aromatic units and shrinkage in the material [27,31]. Such observation have been reported 

in H3PO4 activation on various biomass precursors such as cork respectively [30], apple pulp 

[31] and white oak & yellow poplar woods [32].  

 

6.5 SEM analysis   

Fig. 6.6 (a) indicates PSAC surface with incomplete washing (PSAC sample which collected 

when wash liquor show conductivity of 700 uS/cm). The rod like white salt of phosphate is 

found to be firmly inhibiting a significant numbers of the developed pore. The process of 

diffusion of phosphorous compounds from the inner porous net work to the surface of the 

carbon is a slow diffusion process which demands long duration/repeated washing for 

maximizing removal of H3PO4 from activated carbon. Fig. 6.6 (b) on the other hand, shows 

the quality of pore on complete washing (conductivity of wash liquor less than 50 S/cm). 

Such macro-size pores would provide the porous network leading to meso and micropores. 

Although the surface looks devoid of phophorous compounds as seen in Fig. 6.6a, the 

probablity presence of minor amounts of phophorous compounds inside the porous net work 

cannot be eliminated, which accounts for the loss of H3PO4 on activation. Fig. 6.6 (c) on the 

other hand, shows the surface structure of PSAC produced using 3rd reclaimed H3PO4 at 525 

°C. The pore development is seen to be shallow and limited to the surface, with a high 

fraction of them fail to make full surface penetration, leading to a possibly lower available 

porous network in the carbon. This observation is in agreement with the low BET surface 

area and pore volume recorded at activation temperature of 525 °C.  



205 

 

6.6 FT-IR analysis  

FT-IR transmission spectra of the palm shell, its chars and PSAC have been obtained, in 

order to qualitatively characterise the functional group, as shown in Fig. 6.7 & 6.8 The 

appearance of a broad band between 1300 and 1100 cm-1 with a maximum at 1220-1180 cm-1 

is observed in the spectra in PSAC suggests significant alteration by H3PO4 activation. 

According to Puziy et al. [33], the band around 1220-1180 cm-1 is due to the stretching of 

hydrogen-bonded P=O in a phosphate ester, O–C bond in P–O–C linkage, or P=OOH bond. 

This observation is generally attributed to phosphorous and phosphor carbonaceous 

compounds [24,34], suggesting that H3PO4 produces char oxidation, introducing oxygenated 

functionalities in the PSAC. The peak at 1450 cm-1 is due to C-H asymmetrical bending while 

peak at 1720 cm-1 is assigned to C=O stretching vibrations in ketone, aldehydes, and aromatic 

esters. The broad peaks at 2300-2400cm-1 could be ascribed to the presences of –COOH 

functional groups and the broad band at 3500-3300 cm-1 could be attributed to hydroxyl (O-

H) groups such or adsorbed water.  

 

 
Fig. 6.6. (a) SEM image of PSAC surface (incomplete washed) 
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Fig. 6.6. (b) SEM image of PSAC surface (complete washed) 

 

 
Fig. 6.6. (c) SEM image of PSAC surface (activated using 3rd reclaimed H3PO4 at 525 °C) 
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An increase in the intensities of bands corresponding to O- and/or P-containing groups as 

highlighted in the chars confirms reaction between H3PO4 and palm shell beginning during 

impregnation and drying stage, resulting in phosphate linkages on palm shell surface. Some 

of these bands can also involve P-containing groups; for instance, bands at 1120–1080 cm-1 

have been ascribed to P-O symmetrical stretching in polyphosphates [1-7]. This suggests that 

oxidation of palm shell char occurs via introduction of oxygenated functionalities in the 

carbonaceous materials.  

 

Fig. 6.8 shows no conspicuous difference between FT-IR spectra for PSAC obtained from 

fresh or among reclaimed H3PO4. It can be confirmed that there are no additional bands 

formed due to the usage of reclaimed acid. This confirms the similarity of the surface 

functional groups of the PSAC prepared using reclaimed acid with the one prepared using 

fresh acid  

6.7 XRD analysis 

Fig. 6.9 shows the characteristic of phosphate content in various the PSAC samples prepared 

using fresh H3PO4 and activated at temperature ranging 375-525 °C. The characteristic 

diffraction   peak   around   2θ   =   22.5° indicating the presence of phosphates on the washed 

PSAC surface. It is observed that the peak intensity for PSAC prepared at 525 °C is 

significantly higher than PSAC below 500 °C, such intense diffraction confirm a much higher 

concentrated presence of phosphate on the carbon surface. This observation validates the 

highest H3PO4 loss upon activation.  
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6.8 Conclusions 
 
An in-depth attempt to understand the recovery and reusability of H3PO4, one of the popular 

acting agents. The followings are the conclusion of present study: 

 

1. The activation process results in a weight loss of 20-25% in H3PO4 for the activation 

temperature range of 325 to 475 °C, while it is 30-35% at 525 °C. The trend is 

consistent in activation with fresh or reclaimed H3PO4. 

2. With fresh H3PO4, the yield of activated carbon reduces marginally from 52% to 45% 

with increase in activation temperature from 325 to 475 °C. The usage of reclaimed 

H3PO4 for  successive  activation  doesn’t  show  any  significant  effect  on  the  yield. Also, 

the yield from reclaimed H3PO4 activation closely adhering to the fresh reagent. 

However at 525 °C and using reclaimed H3PO4, the carbon yield continues to 

decrease in successive runs with the yield of 35% at the 3rd recycle run. 

3. The BET surface area of palm shell activated carbon is found to increase significantly 

with activation temperature up to 475 °C (approaching a plateau), indicating the reach 

of optimum activation temperature. The surface area with reclaimed H3PO4 in the 

successive  runs  doesn’t  show  any  variation  as  compared  with fresh H3PO4. However 

there is a drastic reduction when activation with reclaimed H3PO4 at 525 °C.  

4. The pore volume is found to increase with activation temperature up to 475 °C before 

decreasing at a higher temperature, with the same trend reflected in activation with the 

reclaimed H3PO4.  

5. The present study highlights the successful reuse of reclaimed H3PO4 as reagent, 

guarantying same textural characteristics of palm shell activated carbon, provided the 

impregnation ratio is maintained at similar level.  
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

This work is in relation to a systematic study of producing activated carbon (AC) from palm 

shell, a solid waste produced from palm oil mills in many tropical countries. The 

investigation began with literature survey to identify the factors that influence AC 

development. The areas looked into are activation methods, characteristics of AC particularly 

for PSAC and the recovery and reusability of the activation reagent. The quantitative effect of 

activation temperature, impregnation ratio and activation time were investigated via process 

optimization by using optimisation tool, Box-Behnken Design (BBD) of Response Surface 

Methodology (RSM). The PSAC process development begins with semi-carbonization of 

H3PO4-impregnated palm shell at 170 ◦C before activation under self-generated atmosphere at 

350-500 ◦C. Four quadratic models were developed for BET surface area, pore volume, pore 

width and PSAC yield using statistical software. Statistical tests such as test of significance, 

Lack-of-fit statistics and R-squared statistics were conducted to assess the adequacy of the 

models in representing the data. 

 

The developed PSAC were characterised for its thermal decomposition behaviour by TGA 

analysis to assess the effects of semi-carbonization and activation under self-generated 

atmosphere. Surface characteristics of the PSAC were also being evaluated by FT-IR, TGA, 
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SEM and XRD. Suitability of the PSAC for adsorption on macromolecules in particular to 

methylene blue (MB) and dairy COD were investigated and the adsorption isotherm and 

kinetics for both adsorbates were established. Lastly, the recovery and reusability of H3PO4, a 

popular reagent for chemical activation were thoroughly investigated. 

 

Optimization by RSM of the conditions for PSAC development has proved to be useful and 

effective while the response surface and contour plots were able to graphically illustrate the 

optimum set of operating variables. The statistical analysis based on BBD showed that palm 

shell activated at 500 for 30 min (IR= 1.75) produced PSAC with the highest surface area 

(2193 m2/g). The model also predicted the pore volume would vary significantly, that is 

between 0.02 to 2.0 cm3/g depending on the changes in the process conditions. The pores 

were found to be in mesopore range, with pore width between 2.06 and 3.53 nm, a unique 

characteristic of the PSAC. The PSAC yield, ranging 43 to 55% are among the highest 

reported for chemical activation of biomass. Activation temperature was found significantly 

influence  PSAC  yield,  while  IR  didn’t  show  any  effect  on  yield.   

 

Despite the simplifications, mechanism of palm shell char and PSAC pyrolysis using TGA 

facilitated understanding the significance of semi-carbonization and activation under self-

generate atmosphere. Semi-carbonization has produced a char that is low in non-carbon 

elements, as demonstrated in its high thermal stability. The developed PSAC has 

demonstrated excellent thermal stability even though activated at relatively low temperature, 

highlighting the effectiveness of self-generate atmosphere in releasing volatile matters. FT-IR 

analysis shows the surface functional groups in PSAC are acidic, a characteristics of H3PO4 

activation while SEM images of PSAC developed under favourable conditions clearly shows 

network of accessible pores. 
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The pore characteristics of the PSAC are highly favourable for adsorption of high molecular 

weight compounds. The PSAC exhibits a high MB adsorption capacity of 438 mg/g with the 

adsorption isotherm increases with temperature. Similar trend were observed in dairy COD 

uptake with maximum adsorption higher than 1000 mg/g. The adsorption pattern could be 

explained based on the Langmuir isotherm model evidenced from the highest correlation 

coefficient as compared to other models. Among the different kinetic models tested, a 

pseudo-second-order model is found to fit the experimental data with close proximity. 

 

The activation process results in a weight loss of more than 20 % in H3PO4 for the activation 

temperature range of 325 to 475 °C, irrespective of activation either with fresh or reclaimed 

H3PO4. The loss reagent is even higher at high temperatures. The surface area for samples 

using reclaimed H3PO4 does not show any variation as compared with fresh H3PO4. However 

there is a drastic reduction with reclaimed H3PO4 at 525 °C due to unfavourable activation 

conditions. 

 

7.2 Recommendations for Future Work 

The work presented in this thesis has the potential to generate future works that will further 

the AC development, adsorption and reagent recovery. The outline of some of the potential 

future research (but not limited to) could be as follows: 

1. As demonstrated in Chapter 4, H3PO4 activation under self-generation atmosphere is 

effective in development of AC with well-developed textural characteristics. The 

comprehensive activation mechanism was however, not explicitly presented and this 

could be further explored in the future. The gasification of amorphous carbon is 

complex due to its highly disorganised structure. It would be interesting to see the 

development of a carbon activation model that is capable of predicting basic porous 
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properties of AC and as such, verify the significance of the mentioned non-

conventional activation. 

2. The potential of the developed PSAC has not been fully explored. For instance, the 

significant of this mesoporous AC in conjunction to membrane bioreactor as a hybrid 

treatment system could contribute to advanced treatment system for high organic 

wastewater. The mesoporous characteristics could also be explored in areas that has 

been dominated by synthetic mesoporous carbons such as recovery of enzymes, 

vitamins and proteins.  

3. H3PO4 recovery upon activation is an effort consuming process as observed in the 

exponential-decay profile of washed liquor conductivity. Effective reagent recovery 

from AC-H3PO4 complex results in a large amount of water, which demands large 

amount of energy for evaporation prior to subsequent impregnation. Ultrasonic 

assisted extraction method- a technique that has showed significant improvement in 

AC regeneration, could be utilized as an enhancement to conventional washing. The 

ultrasonic waves and associated micro-disturbances of cavitation bubbles may reduce 

the mass transfer boundary layer could possibly improve the efficiency of H3PO4 

recovery. 
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MB calibration curve 
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A compilation of the yield of activated carbons corresponding to good textural characteristics (BET sur-
face area > 1000 m2/g) derived from palm shells, irrespective of the activation process has revealed a
yield lower than 30%. Having known the ability of chemical activation methods to produce high yielding
activated carbons, the present study utilizes a two stage activation process in a self-generated atmo-
sphere to prepare activated carbon. A low activation temperature (425 ◦C) and activation time (30 min)
has been utilized, while varying the impregnation ratio of phosphoric acid from 0.5 to 3. The yield of
activated carbon is not found to vary with the impregnation ratio and is found to be around 50%. The
textural characteristics are found to improve with increase in the impregnation ratio, up to an optimal
value of 2, while found to decrease beyond. The BET surface area of activated carbon corresponding
to an impregnation ratio of 3, with an iodine number of 1035 mg/g is found to be 1109 m2/g with a
pore volume of 0.903 cm3/g and an average pore diameter of 3.2 nm. The textural characteristics of
activated carbon reveal that the pore size is widely distributed with the contribution of micropores
around 50%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Utilization of biomass for the production of porous carbons is
well established industrially, as the demand is abundant due to
varied industrial application. Activated carbons with highly devel-
oped surface area are widely used in a variety of industries for
applications which include separation/purification of liquids and
gases, removal of toxic substances, as catalysts and catalyst sup-
port [1–5]. With the development of technology, the applications
of activated carbons keep expanding, with newer application such
as super-capacitors, electrodes, gas storage, and so on [6–8]. The
importance of activated carbon as a popular adsorbent can also be
realized from the quantum of the carbon related research which
revolves around activated carbons.

Activated carbons have been traditionally produced by the
partial gasification of the char either with steam or CO2 or a
combination of both. Usually the physical activation is a two-
step process which involves the carbonization of a carbonaceous
material followed by the activation of the resulting char at ele-
vated temperature in the presence of suitable oxidizing gases
such as carbon dioxide, steam, or their mixtures. The gasifica-

∗ Corresponding author at: The Petroleum Institute, Abudhabi, UAE.
E-mail address: csrinivasakannan@pi.ac.ae (C. Srinivasakannan).

tion reaction results in removal of carbon atoms and in the
process simultaneously produce a wide range of pores (predom-
inantly micropores), resulting in porous activated carbon. Physical
activation process is widely adopted industrially for commercial
production owing to the simplicity of process and the ability
to produce activated carbons with well-developed microporosity
and desirable physical characteristics such as the good physical
strength.

In chemical activation process the precursors are impregnated
with dehydrating chemicals such as H3PO4, ZnCl2, K2CO3, NaOH
or KOH and carbonized at desired conditions in a single step.
Chemical activation offers several advantages which include sin-
gle step activation, low activation temperatures, low activation
time, higher yields and better porous structure. The chemical agents
used are substances with dehydrogenation properties that inhibit
the formation of tar and reduce the production of other volatile
products. The disadvantage of chemical activation process is the
need for an important washing step, which is time consuming
due to number of washings required to completely remove the
activation agent from the carbon. Of the several activating agents
reported the most important and commonly used activating agents
are phosphoric acid, zinc chloride and alkaline metal compounds.
Phosphoric acid and zinc chloride are used for the activation of lig-
nocellulosic materials that have not been carbonized previously;
whereas metal compounds such as KOH are commonly used for the
activation of coal precursors or chars [9]. As compared to zinc chlo-

0165-2370/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jaap.2010.04.004
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ride the phosphoric acid is most preferred due to environmental
problems associated with zinc chloride [10,11]. Further activated
carbons prepared using phosphoric acid has better acceptance in
food, fine chemical and pharmaceutical applications due to its non-
contaminating nature.

The rapid growth of Malaysia palm industries has ranked her
the world’s biggest exporter of quality palm oil with revenue of
RM65 billion in year of 2008. For every 2.5 kg of crude palm oil pro-
duced, about 80 kg of palm shells are generated and thus are posing
disposal issues. The global production of palm oil is reported to be
around 48 million tons [12], which corresponds to a palm shell
generation of 1500 million tons. The availability of palm shells, far
exceed the total demand for activated carbon, which is estimated to
be only around 1.2 million tons [13]. The palm shell has no specific
technical use and only a small portion is used as fuel to gener-
ate process steam in the palm-processing mill [2,14]. However, its
high density, relatively high carbon content and low ash content
are desirable properties of a suitable precursor for the prepara-
tion of high-grade activated carbon. These renewable agricultural
wastes are cost-effective alternatives to more expensive and pol-
luting precursors like coal for the production of activated carbon
[4].

Activated carbon with suitable pore structure having high sur-
face area has good value realization, commercial acceptance and
hence it is imperative to utilize processes that maximize the yield
with good pore characteristics. Majority of the study reports only
the pore structure and pore characteristics of the activated car-
bon, without the due mention to the yield of activated carbon. The
yield as well as the pore structure of the activated carbon is widely
reported to be influence by the activation temperature [10,15,16],
activation time [15] and the impregnation ratio [10,15,17,18]. Gen-
erally the yield of activated carbon decreases with increase in
activation temperature, activation time and impregnation ratio,
while the pore characteristic improves with increase in the above
stated parameters, mostly to an optimum value and decreases
beyond [10,16].

Table 1 summarizes the number of studies pertaining to the
preparation of activated carbon using palm shells utilizing phys-
ical, chemical and combination of physical and chemical activation
methods as well as the properties of the resulting PSAC. It can
be observed that majority of the work reports only about the
pore characteristics without mentioning the corresponding yield.
Among the reported literature the yield of activated carbon using
physical activation methods is found to be less than 17%, with
the activation temperatures around 900 ◦C. While the combina-
tion of physical/chemical activation methods reports yield less
than 30% with the activation temperatures of around 800 ◦C, with
an exception of ZnCl2/CO2 activation resulting in a yield of 37%.
Among the chemical activation methods the K2CO3 activation
produced a very low yield of 19%, while the phosphoric acid
activation at 500 ◦C resulted in a yield of 40%, which is signifi-
cantly higher than the other activation methods and activating
agents. It can be observed that the yield of activated carbon var-
ied widely depending upon the processing methods. Induced by
the result due to Guo and Lua [16], and the advantages of phos-
phoric based activation methods due to Srinivasakannan and Bakar
[19] the present study attempts to explore further into the low
temperature activation using phosphoric acid for the conversion of
palm shells into activated carbon. Toward this experimental meth-
ods due to Srinivasakannan and Bakar [19] is adopted, utilizing a
two stage activation process in a self-generated atmosphere, at
an activation temperature of 425 ◦C, with the activation time of
30 min, by varying the impregnation ratio of 0.5–3. The choice of
low activation temperature and time is aimed at improving the
process economics based on the recent report due to Gratuito
et al. [20].

Table 2
Reported proximate analyses and ultimate analyses of oil palm shell (on dry basis
and value is in wt.%).

Volatile matter Fixed carbon Ash Ref.

(a) Proximate analyses
80.8 17.3 1.9 [41,52]
79.4 19.6 1 [45]
78.7 20.3 1.2 [46,50,53]
77.6 19.8 2.6 [16,42,43,47,53–56]
76.7 21.2 2.1 Present study

C H O N Ref.

(b) Ultimate analyses
53.7 5.6 40.5 0.2 [11]
50.1 6.8 41.2 1.9 [45]
50 6.9 41 1.9 [46,50,53]
49.5 6.3 43.6 0.5 Present study

2. Experimental methods

2.1. Materials

Wet shells generated from the process line of palm oil mill, pro-
vided by Nam Bee Oil Palm Estate Sdn Bhd, has been utilized for
experiments. The palm shells are water washed to remove dirt and
fibers. The cleaned shells are dried at 105 ◦C in a hot air oven until it
is completely dry, which are then crushed, sieved to obtain particle
with size range 1–2 mm and stored in airtight containers for further
experimentation. Table 2 presents the elemental composition and
ultimate analysis of oil palm shells, reported by various authors,
along with the results of the analysis due to the present study.

2.2. Methods

The experimental samples are prepared by mixing 20 g of pre-
dried palm shells with phosphoric acid based on impregnation ratio
between 0.5 and 3. The impregnation ratio is defined as the ratio
of weight of 100% phosphoric acid utilized for impregnation to
the weight of the dry palm shells. A 65% phosphoric acid is uti-
lized for soaking so as to promote the adsorption of reagents into
the sample. The phosphoric acid soaked sample is left overnight
in ambient environment and the excess water was evaporated in
oven (100 ◦C) to ensure complete absorbance of the phosphoric
acid on to the palm shell powder. The acid soaked samples are
semi-carbonized in a hot air oven (Universal Hot Air Oven, OSAW
Industrial Products) at a preset furnace temperature of 170 ◦C for
1 h. The semi-carbonized material is activated in a muffle furnace
(Protherm Furnace, PLF120/5) for desirable activation condition
at 425 ◦C and 30 min. All activations are carried out by exposing
the samples directly to 425 ◦C without the flow of inert gas. The
advantage of this specific method of activation has been discussed
in detail by Srinivasakannan and Bakar [19]. After activation, the
activated carbon is immediately quenched in distilled water before
being manually grinded to fine powder. The samples are subse-
quently washed repetitively with distilled water to remove residual
acid. The completeness of washing process is confirmed with the
conductivity of wash liquor less than 50 !S, using conductivity
meter. A conductivity of wash liquid corresponding to 50 !S may
be equated to a phosphoric acid concentration less than 0.01 g/l.
Based on the concentration vs. conductivity chart, it is possible to
estimate the total quantity of phosphoric acid extracted from the
samples, with simple material balance. The product is finally air
dried at 105 ◦C, which are utilized for product characterization. The
desirability of such experimental conditions with reference to pro-
cess scale up has been analyzed and is due to Srinivasakannan and
Bakar [19].
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2.3. Product characterization

The activated carbon is characterized, for yield and iodine
adsorption capacity and pore characteristics for the selected sam-
ple. Yield is defined as the ratio of weight activated carbon produced
to the dry weight of precursor. Iodine number is defined as mil-
ligrams of iodine adsorbed by a gram of carbon, using the procedure
as stated in ASTM [D4607-94(2006)]. Iodine number is commonly
used in industries as a measure of adsorption capacity, reflecting
the amount of micropores in the carbon. Iodine number approx-
imates the internal surface area of activated carbon and measure
availability of pores greater than 1.0 nm in diameter [19]. The rela-
tionship between the iodine number and internal surface area in
terms of m2/g of activated carbon has been well established in
the literature for various precursors. The most recent studies by
Mianowski et al. [21], Bestani et al. [22] and Noszko et al. [23] have
established equivalence of iodine number with BET surface area
with in acceptable errors valid up to a BET surface area of 1000 m2/g.
At surface areas higher than 1000 m2/g the surface areas are found
to be higher than the iodine number [21].

2.3.1. Textural characteristics
Pore structure of the selected sample is characterized by nitro-

gen adsorption at 77 K with an accelerated surface area porosimetry
system (Autosorb-1-C, Quantachrome). Prior to gas adsorption
measurements, the carbon is degassed at 300 ◦C in a vacuum con-
dition for a period of at least 2 h. Nitrogen adsorption isotherm is
measured over a relative pressure (P/P0) range from approximately
10−7 to 1. The BET surface area is calculated from the isotherms
using the Brunauer–Emmett–Teller (BET) equation [24]. The cross-
sectional area of nitrogen molecule is assumed to be 0.162 nm.
The Dubinin–Radushkevich (DR) method is used to calculate the
micropore volume [25]. The pore size distribution is ascertained
by Non-local Density Functional Theory (NLDFT) [24,26] by mini-
mizing the grand potential as a function of the fluid density profile.
The total pore volume [27] is estimated by converting the amount of
nitrogen gas adsorbed at a relative pressure of 0.95 to the equivalent
liquid volume of the adsorbate (nitrogen). The mesopore volume is
estimated by the subtracting the micropore volume from the total
volume.

2.4. Selection of process parameters

The activation process of biomass is widely understood to
be influenced by the activation temperature, activation time and
impregnation ratio. The major advantage of phosphoric acid based
activation process as compared to other impregnation agents is the
low activation temperature. Although there are several reports of
activation temperatures ranging up to 800 ◦C (Table 1) with dif-
ferent chemical activation methods, the optimum temperatures
have been identified to be temperatures below 500 ◦C for differ-
ent precursors [17,18,29,30]. The recent report due to Gratuito et
al. [20] for process optimization of coconut shell using phosphoric
acid activation, utilizing the experimental conditions due to Srini-
vasakannan and Bakar [19] has reported an optimum activation
temperature of 416 ◦C. Since the process economics largely depends
on the activation temperature, a lower activation temperature is
desirable and hence an activation temperature of 425 ◦C is selected.

The optimum activation time is reported to vary between 30
and 120 min depending upon the activation method and the acti-
vating agent. However in general the activation time is significantly
lower using phosphoric acid activation method and have been
reported to be less than 45 min by Srinivasakannan and Bakar [19].
A lower activation time is desirable as it improves the process eco-
nomics and increases the product yield. Gratuito et al. [20] have
recently reported an optimum temperature of less than 30 min for

Fig. 1. Yields of PSAC with H3PO4 impregnation ratio at an activation temperature
of 425 ◦C and activation time of 30 min.

coconut shell activation using phosphoric acid. As the objective of
the present work is to produce activated carbon with high yields
and good textural characteristics an activation time of 30 min is
selected. The impregnation ratio is a significant parameter that has
effect on yield and textural characteristics of the activated carbon.
Several studies have reported improvement in textural character-
istics with increase in the impregnation ratio [17,29,30,31], with
an optimum impregnation ratio. The impregnation ratio is varied
from 0.5 to 3 to assess the yield and the textural characteristics of
the activated carbon.

3. Results and discussion

The activation temperature and activation time is fixed at the
lowest possible values supported by the literature evidence, due
to the process economic benefits. The impregnation ratio has been
varied to assess its effect on the yield and textural characteristics of
the activated carbon. Fig. 1 shows the effect of impregnation ratio
on the yield of activated carbon while Fig. 2 shows the effect of
impregnation ratio on the iodine adsorption capacity of the acti-
vated carbon. An increase in the impregnation ratio does not show
any tangible effect on the yield of activated carbon and the yield
is found to be approximately around 50% for all the impregnation
ratios. This indicates that the impregnation ratio does not alter the
kinetics of the reaction between the carbon and the phosphoric
acid. Similar study due to Guo and Lua [16] reported a decrease of
yield with increase in activation temperature, while the effect of
impregnation ratio was not reported. However it should be noted

Fig. 2. Iodine number of PSAC with H3PO4 impregnation ratio at an activating tem-
perature of 425 ◦C and activation time of 30 min.
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that they reported a yield of around 40% at an activation temper-
ature of 500 ◦C, with good textural characteristics of the activated
carbon. Taking into consideration the trend reported by Guo and
Lua [16], a yield of 50% is well justified although the experimen-
tal methods are different. It should be noted that Guo and Lua
[16] have conducted experiments in an inert medium. In physical
activation methods using steam or carbon dioxide as the activat-
ing agent the yield significantly decreases with increase in the
concentration of the activating agent, as the rate of reaction sig-
nificantly increase with the concentration of the activating agent.
Although steam is generated during the process of dehydration of
phosphoric acid, it does not alter the kinetics of the gasification
reaction (C + H2O → CO + H2) due to low activation temperatures.
Hence an increase in the concentration of phosphoric acid does not
decrease the yield of activated carbon. During thermal decomposi-
tion of lignocellulosic precursors, the presence of phosphoric acid
in the interior of precursor restricts the formation of tar as well as
other liquids such as acetic acid and methanol by the formation
of cross-links, and inhibits the shrinkage of the precursor parti-
cle by occupying certain substantial volumes [16]. The phosphoric
acid forms a layer of linkage such as phosphate and polyphosphate
esters, which could protect the internal pore structure and thus
prevent the adsorbent from excessive burn-off. As the pore evolu-
tion for chemical process commence at much lower temperatures a
higher yield is expected than the thermal process where excessive
burn-off is encountered at higher temperature.

Fig. 2 shows an increase in iodine number with increase in the
impregnation ratio, with the highest iodine number of 1210 mg/g
corresponding to an optimum impregnation ratio of 2. An increase
in impregnation ratio beyond the optimum results in a decrease
in iodine number. Iodine number approximates the internal sur-
face area of activated carbon and measures availability of pores
greater than 1.0 nm in diameter [19]. The relationship between the
iodine number and internal surface area in terms of m2/g of acti-
vated carbon has been well established in the literature for various
precursors. The increase in iodine absorption capacity well reflects
the increase in porosity of the activated carbon with increase in
the impregnation ratio. This could be due to the minimization of
the formation of tars and other liquids, which could otherwise
clog up the pores and inhibit the development of pore structures.
In addition, the phosphoric acid dehydrates during activation and
remains as salts of phosphoric acid well inside the porous struc-
ture of the activated carbon occupying substantial volumes. Once
they are released by intense washing after preparation, a large
amount of microporosity is created. Increase in surface area of the
activated carbon with increase in impregnation ratio is well doc-
umented in the literature and the optimum impregnation ratio is
reported to range from 1 to 4 depending on the kind of precursor.
Girgis and Ishak [18] and Girgis et al. [28] reported an increase in
the surface area until an impregnation ratio of 1.6 for cotton stalk,
whereas until an impregnation ratio of 1 for peanut hull. In both
cases the increase in pore volume was observed with impregna-
tion ratio until the optimum impregnation ratio and to decrease
beyond. Vernersson et al. [32] reported an increase in pore volume
until an impregnation ratio of 2, although the maximum surface
area corresponds to an impregnation ratio of 1.5. Guo and Lua [16]
have also reported an increase in pore surface area with increase
in impregnation ratio with a maximum surface area of 1135 m2/g.
However the correct impregnation ratio is not evident from the
study as the excess amount of phosphoric acid was filtered prior
to drying the samples. A similar study due to Adinata et al. [10]
on the activation of palm shells using K2CO3, reports an increase
in surface area of the activated carbon with increase in impreg-
nation ratio until an impregnation ratio of 1 with a sharp rise in
surface area at an impregnation ratio of 1 and a drastic decrease
beyond.

Fig. 3. Adsorption isotherms of N2 at −196 ◦C on activated carbon prepared at an
impregnation ratio of 3, activation temperature of 425 ◦C and activation time of
30 min.

As the objective of present to study is to evidence the ability
of the phosphoric acid activation process to produce high yielding
activated carbon with good textural characteristics, the BET surface
area analysis of the sample corresponding to an impregnation ratio
of 3 with an iodine number of 1035 mg/g was performed using a
BET surface area analyzer. This sample was chosen as the relation
between surface area and the iodine number is well established
up to an iodine number of 1000 mg/g. The BET surface area cor-
responding to the iodine number of 1035 mg/g is estimated to be
1109 m2/g, with the pore volume is 0.903 cm3/g. Although the pore
volume is significantly higher than that reported in the literature,
the surface area is comparable to the literature values owing to
the high pore diameter. The average pore diameter is estimated
to be 3.2 nm with the contribution of micropore volume being
50%. In comparison with the present process (i) the physical acti-
vation methods report very low yield (<15%), with high surface
area (≈1000–1500 m2/g) utilizing a high activation temperature
(800–1000 ◦C), and activation time (1–2 h), (ii) the combination
of physical and chemical activation method reports surface areas
to range around 1500 m2/g, with the activation temperatures and
activation times much similar to the physical activation methods,
with the yields being substantially higher than physical activation
method in the range of 25–35%, (iii) the chemical activation meth-
ods report surface area less than 1250 m2/g with the phosphoric
acid activation method indicating a yield of 40% at an activation
temperature of 500 ◦C, with an activation time of 2 h. The present
process in comparison with the literature reported chemical acti-
vation methods, utilizes a self-generated atmosphere (no nitrogen
purging), with significantly lower activation temperature and acti-
vation time. The textural characteristics of the activated carbon
prepared in the present study, well compares with the surface area
reported using chemical activation method, however with a sub-
stantially higher amounts of mesopores, with higher mean pore
diameter. A significant rise of 40% increase in mesopore volume
using self-generated atmosphere as compared to activation in an
inert atmosphere has also been reported by Vernersson et al. [32].
The significant quantity of mesopores well suggests the activated
carbon utility for the adsorption of bigger molecules that are suit-
able for liquid phase adsorption.

Fig. 3 shows the nitrogen adsorption capacity of activated car-
bon with respect to the nitrogen relative pressure (P/P0). The sharp
rise in the amount of nitrogen adsorbed at low relative pressures
well indicates the amount of micropores available with the acti-
vated carbon. The pore volume continued to progressively increase
with increase in the relative pressure with a shape rise at high rel-
ative pressure. The progressive rise in pore volume indicates the
availability of mesopores and the process of multilayer filling of the
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Fig. 4. Pore size distribution of the activated carbon prepared at an impregnation
ratio of 3, activation temperature of 425 ◦C and activation time of 30 min.

pores. The isotherm exhibits a pattern of type II isotherm, under the
IUPAC classification of isotherms, based on the progressive increase
in the adsorption capacity beyond the relative pressure of 0.1. The
sharp rise beyond a relative pressure of 0.9 and the formation of
hysteresis loop, while desorbing, indicate a type IV isotherm. This
type of isotherm is a general characteristic of porous carbons that
have large sized pores. The pore size distribution shown in Fig. 4
substantiates the amount of pores in the mesoporous range, with
the average pore diameter estimated to be 3.2 nm. The pore size dis-
tribution shows a twin peak in the micropore region, contributing
nearly to the 50% of total pore volume.

4. Conclusion

With the objective to develop activated carbon with good tex-
tural characteristics at low activation temperature and activation
time with significant yield a phosphoric based activation process is
chosen with palm shell based precursors. The yield of activated
carbon has not been found effected by the impregnation ratio
at an activation temperature of 425 ◦C and 30 min of activation
time. However the textural characteristic is found to improve with
increase in the impregnation ratio up to 2.0, characterized by the
iodine number of 1210 mg/g. The yield of activated carbon has been
found to be around 50%, while the BET surface area of the activated
corresponding to an iodine number of 1035 mg/g is estimated to be
1109 m2/g, with a pore volume of 0.903 cm3/g, and an average pore
diameter of 3.2 nm. The adsorption isotherm of the activated car-
bon indicates multilayer filling, characteristic of activated carbon
with significant mesopores.
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Preparation of High Surface Area Mesoporous Activated
Carbon: Kinetics and Equilibrium Isotherm
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Activated carbon prepared from palm shell by phosphoric acid
impregnation, at significantly favorable experimental conditions is
characterized for the porous nature and adsorption of methylene blue
dye molecules. The activation is carried out using a 2-stage activation
process with the activation in a self-generated atmosphere. An acti-
vation temperature of 500!C, with an activation time of 75 minutes
using a phosphoric acid impregnation ratio of 3 has yielded an
activated carbon having unique characteristics. An activated carbon
with a yield of 48%, total pore volume of 1.9 cm3/g, surface area of
1956m2/g, an average pore diameter of 3.8 nm, with the ratio of the
mesopore to the total surface area in excess of 75% has been pre-
pared. The activated carbon exhibits a high methylene blue equilib-
rium adsorption capacity of 438mg/g with the adsorption isotherm
increasing with an increase in the adsorption temperature. Among
the various adsorption isotherm models, the Langmuir model is able
to explain the adsorption process well, evidenced by the proximity
of the model with the experimental data. Among the different kinetic
models tested with the experimental kinetic data, a pseudo-second-
order model is found to fit the experimental data with close proximity.

Keywords activated carbon; adsorption kinetics; methylene blue;
phosphoric acid; pore size distribution

INTRODUCTION
Activated carbons with highly developed surface area

are widely used in a variety of industries for applications
which include separation=purification of liquids and gases,
removal of toxic substances, as catalysts and catalyst sup-
port (1–5). Liquid phase separations involving high mol-
ecular compounds typically involving biological material
and dye compounds demand larger pores in accordance
with their molecular diameter. It has been well established
that the pore structure and pore size distribution are key
factors that determine the adsorption capacity of activated
carbon. The pore size should be sufficiently big enough to
accommodate the molecule of specific interest with
adequate binding force. High molecular weight compounds
such as dyes and pigments demand a large pore size owing

to their larger molecular diameter. Hence conventional
activated carbons which are predominantly microporous
have inferior adsorption capacity although they have a
large surface area. The development of mesopores in acti-
vated carbon is crucial in decolorization (6). It is a common
challenge to develop carbon materials with properties such
as high surface area with specific pore size distribution
from low cost precursors and at low temperature while
ensuring a reasonably high yield (7). Further, a thorough
literature scan revealed that the majority of the published
literature only reports the pore structure and pore charac-
teristics of the activated carbon, without the details on the
yield of activated carbon.

Phosphoric acid (H3PO4), a strong dehydrating agent,
has been reported for low activation temperature (below
600!C) on various biomass such as bamboo (7), Eucalyptus
camaldulensis Dehn bark (8), cotton stalks (9), coconut
shell (10), Arundo donax cane (11), and rubber wood (12).
Marsh and Rodriguez-Reinoso (13) have reported that
the amount of phosphorus introduced into the precursor
is the main factor for porosity development and the degree
of mesoporosity.

The objective of the present study is to produce
activated carbon from palm shell using relatively low acti-
vation temperature and holding time under self-generated
atmosphere and to characterize the product for yield,
porous nature through surface area analysis, and Scanning
Electron Microscope analysis. Further, the activated car-
bon is assessed for its appropriateness to adsorb methylene
blue (MB), a basic industrial dye. The adsorption experi-
ments, attempt to establish the adsorption isotherm and
kinetics of adsorption, further to suitably modeling the
adsorption isotherms and kinetics.

MATERIALS AND METHOD
Materials

Wet palm shells generated from the process line of palm
oil mill, provided by Nam Bee Oil Palm Estate Sdn Bhd,
have been utilized for experiments. The palm shells are
water washed and dried at 105!C in a hot air oven until
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it is completely dry, which are then crushed, sieved to size
2.0 to 2.5mm and stored in airtight containers for further
experimentation. Analytical grade MB supplied by
Sigma-Aldrich (M) Sdn Bhd, is used as adsorbate without
further purification. The concentration of this dye is deter-
mined using a spectrophotometer (Hach, DR2800) at
665 nm wavelength.

Preparation of Palm Shell Activated Carbon (PSAC)
10 g of dried palm shell is impregnated with 46.15mL of

65%(wt=wt) H3PO4 solution, so it has to have an impreg-
nation ratio of 3:1(wt. H3PO4: wt. Palm shell). The H3PO4

soaked sample is left overnight and the excess water is eva-
porated in an oven at 100!C to ensure complete absorbance
of the H3PO4 on to the palm shell powder. The acid soaked
samples are semi-carbonized in a hot air oven (OSAW
Industrial) at a preset furnace temperature of 170!C for
1 h. The semi-carbonized material is activated in a muffle
furnace (Protherm Furnace, PLF120=5) at a desirable acti-
vation temperature of 500!C for a duration of 75min under
a self-generated atmosphere. The feasibility and benefits of
using 2-stage chemical activation method in a self generated
atmosphere are well documented in literature and are due
to Srinivasakannan and Abu Bakar (12), Toles et al. (14),
Garcia et al. (15), Ahmedna et al. (16), and Diao et al.
(17). After activation, the samples are washed repetitively
with distilled water to remove residual acid. The complete-
ness of the washing process is confirmed with the conduc-
tivity of wash liquor less than 50mS, using a conductivity
meter. The product is finally air dried at 105!C, before being
manually ground to a fine powder and sieved to a size below
120mm, which are utilized for product characterization.

Carbon Textural Characterization
The pore structure of the PSAC is characterized by N2

adsorption at "196!C with an accelerated surface area por-
osimetry system (Autosorb-1-C, Quantachrome) using the
standard procedure (18). Texture surfaces of the PSAC
samples are examined by scanning electron microscopy
(SEM).

MB Adsorption Isotherms
The adsorption isotherm experiments are conducted

with a fixed amount of 0.2 g of PSAC mixed with 100mL
MB solutions of various concentrations ranging from 600
to 1400mg=L in the isothermal shaker bath for 24 hours
at constant temperature of 30, 40, and 50!C without alter-
ing the pH of the MB solution. Preliminary experiments
are carried out to ensure that the adsorption process
reached equilibrium within 24 hours. The amount of MB
adsorbed by the PSAC is estimated based on the difference
in the concentration of the MB solution before and after
completion of the experiment, with simple mass balance.

The MB concentrations are measured using a spectrophot-
ometer at 665 nm.

Effect of pH on MB Adsorption Isotherm
The effect of pH on MB adsorption is carried out with

the initial pH range of 1-11. The initial pH of the solution
is adjusted by using 0.1N HCl or 0.1N NaOH. Dose of
0.2 g PSAC is added to 100mL of solution having
1400mg=L of MB into 250-mL Erlenmeyer flasks. The
flasks are then capped and constantly shaken in an iso-
thermal shaker at 100Hz and 30!C for 24 hours. The pH
is measured by using a pH meter (Ecoscan, EUTECH
Instruments). The MB concentration is estimated using a
spectrophotometer.

MB Adsorption Kinetics
The adsorption kinetics experiments are conducted with

a fixed PSAC dose of 0.2 g at constant temperature and pH
(30!C and pH 7) with initial MB concentration of 600, 800,
and 1200mg=L. The change in concentration of the MB
bath is monitored at intervals of time until no significant
change in the concentration of the MB bath is observed.
A significant variation in the concentration of the bath is
observed until an adsorption time of only 120min; however
the experiments are continued for duration of 240min.

RESULTS AND DISCUSSION
Characterization of PSAC

The textural characteristic of the PSAC prepared in the
present study is listed in Table 1. As can be seen, a total pore
volume of 1.9 cm3=g is substantially higher than the pore
volumes normally reported in literature. A compilation of
the yields and porous nature of the activated carbon from
palm shells has been due to Lim et al. (18), which clearly
indicates the ranges of pore volumes using palm shells.
The PSAC prepared in the present study is substantially
mesoporous, with the mesopore volume being 85% of the

TABLE 1
Physical properties of activated carbon from palm shell by

chemical activation with H3PO4

Sample Values

Impregnation ratio, wtH3PO4=wtPS 3.0
Activation temperature, !C 500
Activation time, min 75
Yields, %wtPSAC=wtPS 48.1
SBET, m

2=g 1956
Sme, m

2=g 1501
Sme=SBET, % 76.7
Vtotal, cm

3=g 1.90
Vme, cm

3=g 1.636
Average pore diameter, nm 3.88
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total volume. Such an activated carbon with high amount of
mesopores has not been reported in literature and it owes to
the activation process followed in the present study. Although
the pore volumes are high with a relative high contribution of
mesopores, the total surface area corresponds only to
1956m2=g, due to the large average pore size of 3.8 nm. The
unique nature of the porous carbon prepared in the present
study, is expected to facilitate adsorption of a large quantum
of high molecular weight compounds with ease, owing to the
pore size and the surface area. Activation in a self-generated
atmosphere is certainly simpler than conventional activation
which involved thermal treatment of the impregnated precur-
sor in inert conditions. Furthermore, a large amount of heat
energy is discharged together with inert gas flow in the con-
ventional method. As seen in the result, the presence of some
air during activation in this experiment would not affect the
process since the sample would constantly be blanketed by
decomposition gases formed by the process. This is in agree-
ment with works by Celis et al. (19) who observed activated
carbon with high BET surface area (2281m2=g) from P. rus-
cifolia wood activated using similar method.

In addition to the porous nature of the activated carbon,
the yield of the activated carbon is a desirable parameter to
assess effectiveness of the activation process, as it relates to
process economics. The yield is defined as the ratio of, weight
of activated carbon produced to the dry weight of precursor.
An attempt to compile the range of yields using different
activation processes has been due to Lim et al. (18). The yield
of PSAC utilizing the present process is 48.1%, which is the
highest of yield reported for palm shell based precursor. Guo
and Lua (20) have reported a yield of 40%, while Hu et al.
(21) have reported a yield of 37% with the activation using
a combined physical-chemical activation using CO2-ZnCl2.
However, both the above works reported a surface area less
than 1200m2=g, substantially lower than the surface area
and the pore volume generated in the present process.

During thermal decomposition of lignocellulosic precur-
sors, the presence of H3PO4 in the interior of the precursor
restricts the formation of tar as well as other liquids such as
acetic acid and methanol by formation of cross-links, and
inhibits the shrinkage of the precursor particle by occupy-
ing certain substantial volumes (22,23). The H3PO4 forms a
layer of linkage such as phosphate and polyphosphate
esters, which could protect the internal pore structure
and thus prevent the adsorbent from excessive burn-off.
As the pore evolution for the chemical process commences
at much lower temperatures, a higher yield is expected than
the thermal process where excessive burn-off is encoun-
tered at higher temperature.

Carbon Textural Characterization
Figure 1 shows the N2 adsorption–desorption isotherms

at "196!C for PSAC produced. The significant rise in
the adsorption capacity beyond P=Po> 0.1 indicates the

development of mesopores confirming the considerable
amount of mesopores in the sample. The large hysteresis
loop corresponds to the capillary condensation of N2 mole-
cules indicating the PSAC exhibited type IV isotherm. Such
isotherms may exhibit hysteresis where the mechanism of
filling by capillary condensation in mesopores, differs from
that of mesopore emptying (13). The observed isotherm
does not exhibit a plateau in the high relative pressure
region, confirming their mesoporous nature.

The use of activated carbons for liquid or gas adsorption
demands not only high surface areas but also appropriate
pore sizes that are significantly higher than the size of the
polluting molecules that can be retained by the carbon. An
activated carbon that possesses a predominantly micropor-
ous structure would not adsorb large molecules such as
MB, as the molecule would not be able to diffuse into the
active adsorption sites (24). The pore size distribution along

FIG. 1. Adsorption and desorption N2 isotherms at "196!C of PSAC
prepared by H3PO4 impregnation.

FIG. 2. Pore size distribution of PSAC prepared with H3PO4 at 3.0
impregnation ratio, 500!C and 75min.
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with cumulative pore size distribution of the PSAC prepared
in the present study is shown in Figs. 2 and 3, which shows
three peaks with the first peak in the ultra-micropore range
having pore size less than 1nm, while the second peak within

the range of 1 to 2nm and the third one with a peak in the
range of 2 to 4nm. The presence of significant amounts of
pores in the size range in excess of 2 nm is well evidenced
from the figure, with the contribution of mesopores being
76.7% of the total surface area.

SEM analysis of PSAC samples are conducted to observe
the pore structure of the activated carbon and are shown in
Figs. 4a and b. As can be seen, the PSAC attests the presence
of a substantial amount of pores created due to the acti-
vation of H3PO4. The carbon surface exhibits large amounts
of clear porous structures, indicating H3PO4 is effective in
creating well-developed pores and large surface area in
PSAC. A relatively smooth external surface Fig. 4a is
observed as compared to the ‘‘nodule-like’’ structures in
the interior of the particles Fig. 4b.

Adsorption Equilibrium
The influence of temperature on the MB adsorption rate

and equilibrium on PSAC is investigated at three different
temperatures of 30, 40, and 50!C at an initial MB concen-
tration of 1200mg=L. Figure 5 is a typical plot of the equi-
librium adsorption of MB in the solid phase corresponding
to the MB concentration in the liquid phase, showing the
effect of temperature. A sharp rise in the equilibrium adsorp-
tion capacity at low concentration of MB in the liquid is
observed, which reaches an asymptote at higher liquid phase
MB concentration. Figure further evidence the increase in
the equilibrium adsorption capacity of the PSAC with
increase in temperature of the adsorption process.

An increase in the equilibrium adsorption capacity with
increase in temperature indicates the adsorption process
being endothermic. The increasing temperature aids
increasing the number of MB molecules to acquire suf-
ficient energy to penetrate the external boundary layer of
PSAC particles to enable the interaction with active site
at the surface. Hameed et al. (25) reported an increase
in temperature may produce a swelling effect within the

FIG. 3. DFT=Monte-Carlo cumulative pore volume plot.

FIG. 4. SEM photograph of PSAC: (a) Particle outlook (X 12,000); (b)
Internal porous (X 1000).

FIG. 5. The effect of temperature to the adsorption of MB onto PSAC
(~: 30!C; &: 40!C; ^: 50!C). (Color figure available online)
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internal structure of the adsorbent that enabling large dye
to penetrate further. Meanwhile, Dogan et al. (26) sug-
gested a possible mechanism of interaction is the reaction
between the chromophere groups such as alcoholic, car-
boxylic, and phenolic of the adsorbent surface and the
cationic group in the dye molecule; such a reaction could
be favored at higher temperatures. It is also stated that
increasing the temperature would result in increasing the
diffusion rate of adsorbate molecules across the external
film layer and into the internal pores of the adsorbent par-
ticle (27,28). An increase in temperature would also result
in the shift of adsorption equilibrium due to Le- Chatelier
Principle.

The quantity of dye that could be taken up by an
adsorbent is a function of both the concentration of the
dye and the temperature (29). The adsorption isotherms
generated at different temperature for the PSAC are tested
with popular adsorption isotherm models to identify the
appropriate mechanism of adsorption. The experimental
adsorption isotherms are fitted with the Langmuir, Freun-
dlich and Temkin isotherm models to evaluate the model
parameters by minimizing error between the experimental
data and the model equation. The correlation coefficients,
R2, served as an indicator to check the appropriateness of
the model. The evaluated model parameters are listed in
Table 2.

Adsorption Isotherm
Langmuir Isotherm

The Langmuir equation, which is applicable to homo-
geneous sorption, can be described by the linearized form:

Ce=Qe ¼ 1=Q0bþ Ceð1=Q0Þ

The Langmuir constantsQ0 (mg=g) and b (L=mg) are deter-
mined from the slope and intercept of the plot of specific

adsorption, Ce=Qe against the equilibrium concentration,
Ce as presented in Fig. 6. The close proximity of the experi-
mental data with the model equation evidenced from the R2

value (Table 2) of 0.999 demonstrates suitability of the
Langmuir isotherm model.

Freundlich Isotherm

The logarithmic form of Freundlich isotherm is given by
the following equation:

logQe ¼ logKF þ ð1=nÞ logCe

where KF (mg=g)(L=mg)1=n and n are the Freundlich
adsorption constant. 1=n is the heterogeneity factor that
measure of the adsorption intensity as well as its favorabil-
ity. The linearised Freundlich plot of logQe versus logCe

is shown in Fig. 7 along with Freundlich constants KF

and 1=n. The R2 value is shown in Table 2, and it
corresponds to 0.9694, demonstrating the magnitude of
variation between the experimental data and the model
equation.

TABLE 2
Langmuir, Freundlich and Temkin isotherm constants for

MB adsorption onto PSAC

Isotherm Parameters

Langmuir Q0¼ 434.7mg=g
b¼ 0.1729L=mg

R2¼ 0.9998
Freundlich KF¼ 227 (mg=g)(L=mg)1=n

1=n¼ 0.1097
R2¼ 0.9694

Temkin A¼ 336.97 L=g
B¼ 36.859
R2¼ 0.9868 FIG. 6. Langmuir isotherm for the adsorption of MB onto PSAC.

FIG. 7. Freundlich isotherm for the adsorption of MB onto PSAC.
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Temkin Isotherm

Temkin isotherm considers the effects of indirect
adsorbate=adsorbate interactions on adsorption isotherms
(30). The linearized form of the Temkin isotherm is
expressed as:

Qe ¼ ðRT=bÞ lnðAÞ þ ðRT=bÞ lnCe

where A (L=g) is the equilibrium binding constant corre-
sponding to the maximum binding energy and B (¼RT=b),
is the Temkin constant, related to heat of sorption. R
(8.314 J=mol K) is the universal gas constant, and T (K) is
the absolute solution temperature. The plot of the above
equation is shown in Fig. 8 along with the Temkin isotherm
constants A and B. The R2 value of the Temkin model is
presented in Table 2 and it corresponds to 0.986.

From Table 2, the highest R2 values correspond to Lang-
muir model with a R2 value of 0.999, while the lowest value
corresponds to Freundlich isotherm model with a R2 value
of 0.969. The perfect fit of the experimental data with the
Langmuir isotherm model indicate the adsorption behavior
to observe predominantly a monolayer adsorption, involv-
ing chemical and physical adsorption. This observation is in
agreement with literature on MB adsorption onto activated
carbon prepared from palm shell (31), palm fiber, coconut
husk (32), jute fiber (33), and sunflower oil cake (34).

Effect of Solution pH on MB Uptake
The pH affects the surface charge of the adsorbents as

well as the degree of ionization of different pollutants which
may cause a shift in the equilibrium values of the adsorption
process. As shown in Fig. 9, it is evident that pH does effect
theMB adsorption onto PSAC significantly beyond a pH of
7, while its effect up to a pH of 7 is insignificant, although
the figure shows a qualitative increase. Phosphoric or poly-
phosphoric acids react with the carbonaceous precursor to
form phosphate or polyphosphate esters resulting in carbon

adsorbents with strongly acidic surface groups (35). The
acid surface of H3PO4 activated carbons is obviously due
to phosphorus and oxygen-containing species such as phos-
phate or polyphosphate esters, along with carboxylic and
phenolic groups.

At lower pH, the excess Hþ ions deter the electrostatic
attractions between positively charged MB cations and posi-
tively charged acidic surface site, resulting in a net ionic repul-
sion effect. As the pH increases, the availability of OH" ions
increase the electrostatic attractions with the acidic surface
sites of the PSAC. This transition enhances electrostatic inter-
action with MB cations and hence increase the dye uptake.
This is in agreement with observation due to Senthilkumaar
et al. (33), using carbon from H3PO4 activated jute fiber
(corchorus capsularis),who have reported a significant
increase in MB adsorption in the pH range from 7 to 10.

Tan et al. (36), using adsorbent from HCl-treated palm
shell, reported a significant increase in MB adsorption
from pH 7 onwards. While Karagoz et al. (34) found a sig-
nificant increase in MB adsorption with pH only until pH 6
(after which MB adsorption became constant) for adsorb-
ent from H2SO4 activated sunflower oil cake. A similar
trend was reported by Hameed on untreated garlic peel.
On the other hand, Lata et al. (37) reported an insignificant
influence of pH, for carbon produced from H3PO4 acti-
vated biomass, (Parthenium hysterophorus) and Garg et al.
(38) with untreated rosewood sawdust.

Adsorption Kinetics
Adsorption kinetics is known to vary with the concen-

tration of the adsorbent, agitation rate, the adsorption tem-
perature, the pH of the solution and size of the adsorbent.
Figure 10 shows an increase in the rate of adsorption with
increase in the initial concentration of MB from 600 to
1200mg=L with the maximum adsorption corresponding
to 306 to 421mg=g. It is found that the removal of MB is

FIG. 8. Temkin isotherm for the adsorption of MB onto PSAC.
FIG. 9. pH effect on MB adsorption onto PSAC (MB concentration:
1400mg=L; PSAC dose: 2 g=L).
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rapid during the initial period while the uptake slowdown
with increase in time. The reduction in the rate of adsorp-
tion with no significant variation in the concentration of
the solution indicates the existence of saturation adsorp-
tion condition, which could be achieved approximately
around 70min. No significant changes in the MB dye
uptake are observed with further increase of contact time
up to 24 hours. Similar observations have been reported
in the literature for the removal of dyes such as MB (39),
malachite green (40), and methyl violet (41). In batch
adsorption systems, a monolayer of adsorbate is normally
formed on the surface of the adsorbent, and the rate of
removal of adsorbate species from aqueous solution is con-
trolled primarily by the rate of transport of the adsorbate
species from the exterior=outer sites to the interior site of
the adsorbent particles (39,40). An increase in the initial
MB concentration increases the mass transfer driving force
to overcome all mass transfer resistances of molecules
between the aqueous and solid phases (26).

The Pseudo-First-Order Kinetic Model

The pseudo-first-order kinetic Lagergren equation (42)
is derived as:

logðQe "QtÞ ¼ logQe " ðk1=2:303Þt

where Qe and Qt are the amounts of MB adsorbed (mg=g)
at equilibrium and at time t (min), respectively, and k1
(min"1) is the adsorption rate constant of pseudo-first-
order adsorption. The validity of the model can be checked
by linearised plot of log (Qe – Qt) versus t.

Figure 11 shows the linear plot of log (Qe – Qt) versus t,
while Table 3 summarizes the model constants k1 and Qe

along with R2 values. The R2 values which evidence the
acceptability of the model in representing the experimental
data is found to vary from 0.887 to 0.986 for MB concen-
tration of 600–1200mg=L.

The Second-Order Kinetic Model

The second-order kinetic model is conveniently
expressed in the linearised form as:

t=Qt ¼ 1=k2Q
2
e þ t=Qe

where Qe and Qt are the amounts of MB adsorbed (mg=g)
at equilibrium and at time t (min), respectively, and k2 is
the rate constant (min"1).

The linear plots of t=Qt against t are shown in Fig. 12. It
is found from Table 3, that there is a good agreement
between the experimental and the calculated adsorption

FIG. 10. The effect of initial dye concentration to the adsorption rate of
MB onto PSAC (~: 600mg=L; &: 800mg=L; ^¼ : 1200mg=L). FIG. 11. Pseudo-first-order plots for different initial MB concentrations

(A: 600mg=L; &: 800mg=L; ^: 1200mg=L).

TABLE 3
Non-linear kinetics parameters calculated for MB adsorption onto PSAC

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

Initial MB
concentration
(mg=L)

Qe, exp

(mg=g)
Qe, cal

(mg=g)
k1

(min"1) R2
Qe, cal

(mg=g)
k2 (x10

"4)
(min"1) R2

Kp

(mg ' g"1

min"1=2) C R2

600 306 312 0.06702 0.8872 312.5 4.357 0.9974 34.408 42.386 0.9736
800 350 278 0.05481 0.9524 357.1 5.158 0.9987 33.713 91.046 0.9765
1200 421 382 0.06541 0.9855 434.8 3.527 0.9982 53.119 42.038 0.9561
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Qe,exp and Qe,cal. This is further supported by the corre-
lation coefficient values for the second-order kinetic model
which is almost equal to unity (R2¼ 1) for all MB concen-
trations, highlighting the suitability of pseudo-second-order
kinetic model to describe the MB adsorption dynamics.

Intraparticle Diffusion Model

The intraparticle diffusion equation (43) can be
described as:

Qt ¼ Kpt
1=2 þ C

Where C is the intercept and kp is the intraparticle diffusion
rate constant (mg ' g"1min"1=2), which can be evaluated
from the slope of linear plot of Qt versus t

1=2. The linear-
ized plot of the intraparticle model equation is shown in
Fig. 13. The R2 values for the Intraparticle diffusion is

found to vary between 0.9061 to 0.9765 and is shown in
Table 3.

For all MB concentration the R2 values is more than 0.99
for pseudo-second-order kinetic model, which is higher than
that of the pseudo-first-order kinetic model and intraparticle
diffusion model. The high values of correlation coefficients
show that the data conformed well to the pseudo-second-
order rate kinetic model. This is in agreement with the litera-
ture reports on the adsorption of MB using activated
carbons from various biomasses (32–34,42,44–46).

Comparison of MB Dye Adsorption with Carbon From
Other Biomass

Table 4 shows the compilation of the various maximum
MB adsorption capacities reported in literature for different
biomass precursors. The maximumMB adsorption capacity
of the activated carbon produced in the present study is well
among the highest reported owing to the high pore volume

FIG. 12. Pseudo-second-order plots for different initial MB concentra-
tions (A: 600mg=L; &: 800mg=L; ^: 1200mg=L).

FIG. 13. Intraparticle diffusion plots for different initial MB concentra-
tions (A: 600mg=L; &: 800mg=L; ^: 1200mg=L).

TABLE 4
Comparison of adsorption capacity between PSAC and other studied activated carbons for removal of MB from

aqueous solutions

Activation Adsorption model

Reference Precursor Reagent
Temp
(!C)

Time
(min)

Qe

(mg=g) Isotherm Kinetics

This work Palm Shell H3PO4 500 75 438 Langmuir Pseudo-second-order
Hameed et al. Bamboo CO2=KOH 850 120 454 Langmuir Pseudo-second-order
Tan et al. Coconut husk CO2=KOH 850 120 435 Langmuir Pseudo-second-order
Altenor et al. Vetiver roots H3PO4 600 60 423 Redlich–

Peterson
BWS equation

Hameed et al. Oil palm fibre CO2=KOH 862 60 204 Langmuir
Tan et al. Palm shell CO2=KOH 850 120 244 Langmuir Pseudo-second-order
Senthilkumaar et al. Jut Fiber H3PO4 226 Langmuir Intraparticle diffusion
Demirbas et al. Apricot stone H2SO4 250 1440 221 Langmuir,

Freundlich
Intraparticle diffusion
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and the surface area with appropriate pore diameter.
Among the different published literature only the report
due to Hameed et al. (47), shows anMB adsorption capacity
of 454.2mg=g, for the bamboo precursor using combined
physical-chemical activation. However, it should be noted
that the bamboo-activated carbon were produced from a
much more complex process i.e., carbonization at 700!C
for 1 h under N2 atmosphere followed by KOH (1:1 impreg-
nation ratio) with activation temperature of 850!C for 2 h.
Tan et al. (31) with the palm shell precursor using KOH
activation have reported only 244mg=g but at higher acti-
vation temperature of 850!C. In general the majority of
the literature reports a lower MB adsorption capacity with
the activation temperatures and time being significantly
higher than that utilized in the present study. The higher
adsorption capacity coupled with simplified experimental
conditions of activation in a self-generated atmosphere,
lower activation time and temperature, with significantly
higher yield well augurs the present process commercially
favorable, in comparison with the existing processes.

CONCLUSION
The following conclusions could be derived based on the

present study pertaining to preparation of activated carbon
from palm shells using H3PO4 impregnation,

1. A2-stage activation process with the activation tempera-
ture of 500!C, an activation time of 75 minutes, with a
H3PO4 impregnation ratio of 3 results in an activated
carbon with a yield of 48%, total pore volume of
1.9 cm3=g, surface area of 1956m2=g, an average pore
diameter of 3.8 nm, with the ratio of the mesopore to
the total surface area in excess of 75%.

2. The above stated pore characteristics are highly favor-
able for adsorption of high molecular weight com-
pounds. The activated carbon exhibits a high MB
equilibrium adsorption capacity of 438mg=g with the
adsorption isotherm increasing with an increase in the
adsorption temperature.

3. Among the various adsorption isotherm models, the
Langmuir model is able to explain the adsorption pro-
cess well, evidenced by the proximity of the model with
the experimental data.

4. Among the different kinetic models tested with the
experimental kinetic data, a pseudo-second-order model
is found to fit the experimental data with close proximity.
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