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Abstract 

Using black liquor as a porous carbon precursor is considered as an effective approach 

for value-added use of black liquor. In addition, black liquor contains high content of alkali 

metals (Na, K, etc.), which are effectively used to improve the activation process. 

Therefore, preparation of activated carbons (ACs) directly from black liquor may reduce 

the cost not only for lignin-recycling, but also for activating agents economizing. Electric 

double-layer capacitors (EDLCs) are very attractive as a potential energy storage system 

because of their high power density, quick charge-discharge rate, free maintenance, 

long-life operation, and environmentally friendly energy technology. EDLCs with activated 

carbon electrodes are known to have higher capacity for energy storage compared with 

conventional condensers. However, the application of ACs derived from black liquor for 

the preparation of EDLCs has not been reported previously. 

In chapter 2, high surface area ACs were prepared by chemical activation of black 

liquor with potassium hydroxide (KOH), sodium hydroxide (NaOH) and potassium 

carbonate (K2CO3). The influence of carbonization temperature, activation temperature, 

holding time and impregnation ratio of activating agent to char on the porous 

characteristics of the ACs was investigated. The results show that the surface area and pore 

volume of ACs, which were estimated by BET methods, were achieved as high as 3089 m2 

g–1 and 1.76 cm3 g–1 four times larger than a commercial AC from charcoal (944 m2 g–1), 

under the condition of an carbonization temperature of 600 oC, an activation temperature of 

900 oC, a holding time of 2 h and an impregnation ratio (KOH/Char) of 2. In addition, the 



influence of alkali metals (K and Na) existing in black liquor on activation was also 

examined. It was found that the alkali metals react as an activating agent in the process of 

activation, thereby economizing the amount of activating agent used in this study to a high 

degree. 

In chapter 3, the performance of ACs derived from black liquor as EDLCs was 

characterized. The gravimetric capacitance is found to be approximately proportional to the 

BET surface area, and the AC with the maximum gravimetric capacitance of 41.4 F g–1 and 

the maximum volumetric capacitance of 16.6 F cm–3 was developed under the preparing 

condition of an carbonization of 600 oC, an activation temperature of 600 oC, a holding 

time of 2 h and an impregnation ratio (KOH/Char) of 2. In addition, the results obtained in 

this study confirm that capacitance of ACs from black liquor not only depends on surface 

area, but also on pore size. This study provides an effective approach to carry out the 

value-added utilization of black liquor. 
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Chapter 1 Introduction 

1.1 Black Liquor 

 

Figure 1–1 Black liquor 

Black liquor, a mixture of organic wastes, is a by-product of the paper making 

process.1–4 Black liquor is an important liquid fuel in the pulp and paper industry, consists 

of the remaining substances after the digestive process where the cellulose fibers have 

been cooked out from the wood.5 And it’s routinely burned as a liquid fuel in a recovery 

boiler in a pulp mill. Approximately 1.5 tones of black liquor are produced in the 

manufacture of 1 tone of pulp. Generally, a calorimetric heat value of Kraft black liquor 

is 12.6 MJ/kg and its energy is mainly used for pulp and paper making process.6 The 

shape of black liquor is given in Figure 1–1. 
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1.1.1 Paper Making Process 

Nowadays, the paper industry plays a very important role in the world economy. 

The industry is largely based on a raw material that is derived from forest crops with 

harvest rotations that can approach 100 years in length. The sheer volume of timber 

required for the industry's production processes is staggering. As shown in Figure 1–27, 

about 331 million tons of paper was produced in 2002 worldwide, in which, over 80 

million tons of world wide paper is produced in the United States each year, making it 

the highest paper manufacturer in the world. And then China, Japan, Canada, Germany, 

Finland, Sweden, France, Korea and Italy are also the prominent paper-producing 

countries. Among that, the paper production in Japan and China are about 28 and 25 

million tons, respectively. 

 

Figure 1–2 Paper production 
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The dominant route for production of pulp is by a century-old sulfur based chemical 

process known as “Kraft pulping”, and the paper making process is shown in Figure 

1–3.8 The digester is the main process unit and where wood chips are transformed into 

pulp by cooking at high temperature and pressure in a caustic solution called white liquor 

(mainly sodium hydroxide and sodium sulfide). The spent cooking liquor exiting the 

digester, known as black liquor, contains about 15% solids consisting of dissolved 

organics from the wood and spent pulping chemicals. In a recovery cycle, energy is 

recovered from the dissolved organic material and the cooking chemicals are regenerated 

from the intermediary green liquor back to white liquor. Without the recovery cycle, the 

process would be both economically and environmentally impossible. 

1.1.2 Black Liquor Production 

World-wide, the black liquor production is about 215 million tons dry solids in 2010. 

The black liquor production keeps a steady increase following the growing demand for 

pulp paper and is estimated reaching about 270 million tons in 2025. In 2000, the power 

energy generated from black liquor in Japan was equal to 50 TWh.9 For example, in 

Japan, black liquor is utilized for fuel, and 31.5% of fuel energy used in paper mills is 

provided by black liquor.8 

1.1.3 Utilization of Black Liquor 

In comparison with other potential biomass sources for chemicals production, black 

liquor has great advantage that it is already partially processed and exists in a pumpable 

and liquid form. In paper mills, there are two basically utilization of black liquor. One is 



 5

Tomlinson recovery boiler, and another is black liquor gasification with motor fuels 

production (BLGMF). 

Worldwide, Tomlinson recovery boiler is the most traditional disposal method of 

black liquor in paper mills.9 It acts both as a high-pressure steam boiler and as a chemical 

reactor with reductive and oxidative zones. 2.0 tones of black liquor are produced as a 

by-product from 1 tone of a hardwood pulp or 1.5 tones of a softwood pulp. Generally, 

almost all amount of black liquor is used as biomass energy. Figure 1–4 exhibits the 

schematic description of the pulping process.10  

 

Figure 1–4 Schematic description of the pulping process 

The weak black liquor has a solid content of approximately 15% by weight, which 

is far too low for combustion. To raise the solid content in the liquor it is being 

evaporated by a sequence of concentrators. When the resulting strong black liquor 
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reaches the recovery boiler, it has a solid content of around 75%. In the recovery unit, 

black liquor converts some of its chemical energy by full combustion of the liquor which 

yields an inorganic smelt and gases. Most of the chemicals in the smelt that leaves the 

recovery unit are then led back into the pulping process as white liquor after causticizing 

process. A schematic of a Tomlinson recovery boiler can be seen below in Figure 1–5.11 

 

Figure 1–5 The Tomlinson recovery boiler 

BLGMF is a gasification technology for producing motor fuels, its schematic 

description is given in Figure 1–6.10 Simply said, the process of burning the black liquor 

in the recovery boiler producing power and heat in one case is compared with 

gasification in a gasifier reactor in an alternative case producing methanol or dimethyl 
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ether (DME).  

 

Figure 1–6 BLGMF system 

The gasifier/quench system of BLGMF is similar to the recovery boiler system in 

the respect that it converts black liquor into green liquor. But rather than burning the 

black liquor to form steam, the BLGMF system partially converts the liquor with oxygen 

to produce a synthesis gas and a molten salt smelt. The synthesis gas is cooled, 

condensed, compressed and then converted into methanol or alternatively DME in a 

synthesis reactor. 

With this process scheme, almost 70% of the extra biomass energy is transformed to 

methanol/DME, giving an exergy efficiency about twice that of a recovery boiler system. 

The methanol/DME output of a black liquor motor fuel system offers the potential to 
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significantly reduce fossil fuels used for transport. 

Although the two methods carry out the partial self-support of energy during the 

paper making process, they both present such disadvantages: high investment, high 

operation cost, unstable operation, explosion risk and low energy efficiency (especially 

for recovery boiler).12  

In Japan, black liquor is used as fuel energy in paper mill. In 2010, the production of 

black liquor will reach 70 million tons and the objective of utilization rate is 100%. Black 

liquor is first evaporated and then transported into recovery boiler. The generated steam 

is partially used as heat energy, partially used to generate electricity to support the energy 

demand in the process. 

In China, 11,000 paper mills annually discharge black liquor containing 4 million 

tons of organic material and 1 million tons of alkali, most seriously polluting the 

environment. Over 95% of the 11,000 paper mills use non-wood raw materials. And 

generated black liquor is diluted and then discharged directly. The traditional black liquor 

treatment technology is the traditional alkali recovery technology. Most of the paper mills 

can not adopt it because it has the disadvantages of high investment, high operation cost, 

unstable operation, explosion risk, etc. when it’s applied to pulping mills using non-wood 

raw materials. 

In general, black liquor keeps a steady increase following the growing demand for 

pulp paper, but the current recovery methods are high investment and high operation cost, 

especially for small-scale paper mills. Therefore, develop a low-cost and high efficiency 

disposal method for utilization of black liquor is necessary. 
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Black liquor contains about 50% of lignin, which is a good precursor for activated 

carbon, and the content of Na and K is high, which is effective for the activation process. 

Until now, few literatures about preparation of porous carbon derived from black liquor 

has been reported in detail. 

1.1.4 Previous Studies 

The literature gives a report on many works relating to the treatment of black liquor 

and more particularly of Kraft lignin derived from black liquor. 

Demirbaş5 investigated the pyrolysis and steam gasification processes of black 

liquor. The result showed that the yields of liquid and gaseous products from pyrolysis of 

the black liquor samples increase with increasing temperature, and the highest hydrogen 

rich gas yield was obtained from the catalytic steam gasification run at 1325 K. 

Whitty et al.13 discussed the influence of pressure on pyrolysis of black liquor. It 

was found that swelling decreased roughly logarithmically over the pressure range 1–20 

bar, and the bulk density of the char increased with pressure, indicating that liquors will 

be entrained less easily at higher pressures. 

Cardoso et al.14 analyzed the effects of black liquor properties on its recovery unit 

operation. An experimental methodology for characterizing the principal chemical and 

physical properties of eucalyptus Kraft and bamboo soda black liquors has been 

developed, and the result showed that eucalyptus and bamboo black liquors present 

higher contents of non-processing elements (NPEs), higher concentration and different 

molar mass of lignin than those reported by the pine Kraft black liquor. 
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Huang et al.1 investigated aqueous ammonia mixed with caustic potash as wheat 

straw pulping liquor, and the study provided a new pulping process for wheat straw to 

reduce problems of discharge black liquor. 

Sharma et al.15 studied the characterization of lignin char and its reactivity towards 

the formation of polycyclic aromatic hydrocarbons. The result indicated that surface area, 

presence of inorganics and aromaticity of char may be important factors in polycyclic 

aromatic hydrocarbon formation. These chars have low reactivity, compared to chars 

from other biomass constituents, such as chlorogenic acid, pectin and cellulose, probably 

due to the highly cross-linked and refractory nature of the lignin char. 

Xiong et al.16 developed the application of brown-rot basidiomycete fomitopsis sp. 

IMER2 for biological treatment of black liquor. This investigation might provide a new 

idea for treating black liquor using the biological acidification precipitation of brown-rot 

fungi. Alkali lignin could inhibit the yields of fungal biomass and acid production, but 

the structure and function of alkali lignin are improved by brown-rot fungus. 

Zaied et al.17 showed that the procedure of electrocoagulation is an effective, fast 

and economic technique for treatment of black liquor. Under the optimal experimental 

conditions (initial pH = 7, t = 50 min and J = 14 mA cm–2), the treatment of black liquor 

by electrocoagulation has led to a removal capacity of 98% of COD, 92% of polyphenols 

and 99% of color intensity with a good repeatability (R.S.D.< 3%). 

High surface area activated carbons (ACs) were prepared from lignin precipitated 

from kraft black liquor by Gonzalez-Serrano et al.18 using chemical activation by ZnCl2. 

It was suggested that ACs with a porous structure suitable for gas phase applications 
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could be prepared using a temperature as low as 400 oC. Although these authors obtained 

good materials from lignin, it should be pointed out that the use of ZnCl2 is nowadays not 

recommended due to the toxicity of zinc. 

Gnonzalez-Serrano et al.19 also prepared ACs from H3PO4 activation of lignin from 

kraft black liquors. An impregnation ratio and an activation temperature around 2 g 

H3PO4/g lignin and 700 K, respectively, are recommended as the best combination of 

operating conditions to prepare ACs with a high BET surface area and a well developed 

porosity for aqueous phase applications. 

Fierro et al.20 prepared ACs from kraft lignin from black liquor by chemical 

activation using H3PO4. Various parameters like effect of impregnation ratio (acid/lignin 

= 0.7–1.75), carbonization temperature (400–650 oC) and impregnation time (1–48 h) 

were studied. It was suggested the optimum temperature for porosity development in 

lignin-derived ACs was 600 oC. Furthermore, they suggested that the acid/lignin ratio 

strongly affects the pore structure and char yield, and the effect of impregnation time is 

more important at high carbonization temperature due to decomposition of phosphate and 

polyphosphate bridges cross-linking parts of the carbon structure. 

1.2 Electric Double Layer Capacitor (EDLC) 

EDLC is an electrochemical capacitor that has an unusually high energy density 

when compared to common capacitors, typically on the order of thousands of times 

greater than a high capacity electrolytic capacitor.21–23 EDLCs have attracted worldwide 

research interest because of the variety of commercial applications as energy storage 



 12

devices in many fields, notably in “energy smoothing” and momentary-load devices.24–25 

They have applications as energy-storage devices used in vehicles and for smaller 

applications like home solar energy systems where extremely fast charging is a valuable 

feature.  

 

Figure 1–7 Basic structure model of EDLCs 

The charge-storage mechanism of EDLC is predominately due to double-layer 

charging effects. But in general, additional contributions of pseudo capacitance may also 

be part of the observed capacitance due to the functional groups present on the electrode 

surface.26 EDLC is similar to a battery, they both require two electrodes (anode and 

cathode), an electrolyte, and a conducting charge path in order to operate. EDLCs also 

have an additional component, the separator that electrically isolates the two electrodes. 

These four components are then packaged together and can be used as a conventional 

capacitor would be, where the main structural difference is that in most EDLCs both the 

positive and negative electrodes are made of the same material. EDLCs are comprised of 

many individual cells (parallel or serial) in series to have high capacitance and work 

voltage. Figure 1–727 and Figure 1–828 depict the typical structure model and principle 
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of EDLCs, respectively.  

 

Figure1–8 Principle of an EDLC 

1.2.1 Electrolyte Solution 

A majority of commercial EDLCs use non-aqueous electrolyte solutions to achieve 

high terminal voltage, V, because the capacitor energy, E, and the maximum power, Pmax, 

are given by 

2/2CVE =   and  RVP 4/2
max =  

Where C is the cell capacitance in F and R is the internal resistance in Ω.29 The EDLCs 

using non-aqueous electrolyte solutions dominate the market for capacitors focusing on 

energy storage, but those using aqueous electrolyte solutions are also marketed. Aqueous 

solutions are potentially beneficial to large installations for storage of surplus power and 

unsteady electricity generated by natural energy resources, because of low cost, high 
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safety, long lifetime and low internal resistance. Representative electrolytes are listed in 

Table 1–1, where some properties are also indicated.30 

Table 1–1 Common used electrolytes 

Ion size (nm) 
Electrolytes 

Cation Anion 

Organic electrolytes   

(C2H5)4N·BF4 (TEA+BF4
−) 0.686  0.458 

(C2H5)3(CH3)N·BF4 (TEMA+BF4
−

) 0.654 0.458 

(C2H5)4P·BF4 (TEP+BF4
−)  0.458 

(C4H9)4N·BF4 (TBA+BF4
−) 0.830 0.458 

(C6H13)4N·BF4 (THA+BF4
−) 0.96 0.458 

(C2H5)4N·CF3SO3 0.686 0.540 

(C2H5)4N·(CF3SO2)2N (TEA+TFSI−) 0.68 0.650 

Inorganic electrolytes   

H2SO4  0.533 

KOH 0.26  

Na2SO4 0.36 0.533 

NaCl 0.36  

Li·PF6 0.152 0.508 

Li·ClO4 0.152 0.474 

1.2.2 Comparison of EDLC and Batteries 

The EDLCs are superior to lithium ion batteries (LIBs) because of high power 

density (discharge at high current density), short time needed for full charging, long cycle 



 15

life (no chemical reactions), high coulombic efficiency (high reversibility), and 

environmental friendliness (no heavy metals used), even though their energy density is 

lower than LIBs.31–34 In addition, the positive electrode of LIB requires certain amounts 

of cobalt ions, which is one of the rare metals, whereas carbon is inexhaustible.  

Differences between LIB and EDLC are originated from their storage mechanisms 

of electricity: faradaic intercalation/deintercalation reactions of lithium ions on both 

electrodes, positive electrode of LiMO2 (M: Co, Ni, Mn, etc.) and negative electrode of 

graphite in LIB, but physical adsorption/desorption of electrolyte ions on both electrodes 

in EDLC.29 As a consequence, relatively high power density can be obtained, but energy 

density is relatively low, but charge/discharge rate and efficiency can be high in EDLCs.    

The capacitance of EDLCs is proportional to the effective surface area of electrode 

and a dielectric constant, and is inversely proportional to the thickness of EDLCs. The 

surface area of the electrodes is a crucial factor to increase capacitance, so that ACs with 

a large surface area are employed as electrodes, in addition to fairly good electric 

conductivity, electrochemical inertness, and lightweight properties of carbon materials.  

As advantages described above, EDLCs using ACs are now set in various electronic 

devices and instruments, such as the backup power sources in the copy machines, the 

power boosters for forklifts, cranes and heavy construction-equipments, and the street 

lamps and signals in combination with solar panels. The EDLCs have been used for 

hybrid buses and trucks, but installation to electric vehicle driveline as a main power 

source is thought to be difficult because of their low energy density, but there are still 

many efforts to get high energy density. 
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1.2.3 Previous Studies 

In last decades, a number of reviews and articles on carbon materials related to 

EDLCs have been published. 

Qiao et al.35 prepared high-performance EDLC from ACs using needle coke by 

KOH activation. AS-prepared ACs exhibit large surface areas (400–2900 m2 g–1), high 

EDLC capacitances (14–44 F g–1), and low system resistances (8.3–18.7 Ω) on the basis 

of the anisotropic texture of their precursor. 

Lozano-Castelló et al.36 investigated the influence of pore structure and surface 

chemistry on electric double layer capacitance in non-aqueous electrolyte. The results 

showed that, in general, capacitance increases with surface area. However, the results 

confirm that capacitance not only depends on surface area, but also on two other 

parameters: pore size distribution and surface chemistry. They prepared a KOH-AC with 

a capacitance as high as 220 F g–1. Finally, the results obtained with a mesoporous 

sample showed that the presence of mesopores in ACs with very high surface area (e.g. > 

2000 m2 g–1), do not seem to be effective for double layer capacitors. 

Kim et al.37 chose a mesophase pitch-based carbon fiber (MPCF) and an isotropic 

pitch-based carbon fiber (IPCF) with different microstructures for EDLCs. The results 

suggested that the MF-series prepared from MPCFs by several KOH fractions exhibited a 

good capacitance in comparison with the IF-series prepared from IPCFs, although the 

former had smaller specific surface areas than those of the latter. The specific capacitance 

per weight (F g–1) of both samples increased with an increase in KOH fraction. Further 

evaluation of the capacitance using the specific capacitance per unit area elucidates the 
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efficiency of the surface area.  

Barbieri et al.38 used a large specific surface area of carbon materials for EDLC. 

They suggested that the limitation of gravimetric capacitance can be ascribed to a space 

constriction for charge accommodation inside the pore walls. As a consequence, the use 

of extremely high surface area carbons for EDLCs may be unprofitable. 

Xu et al.39 investigated the competitive effects on the performance of the EDLCs 

between porosity increase and simultaneous conductivity decrease for KOH-activated 

carbon nanotubes. It was found that the KOH activation enhances the specific surface 

area of carbon nanotubes and its specific capacitances but decreases its electric 

conductivity and the rate performance in EDLC. 

1.3 Activated Carbon 

AC is widely used in the adsorption of gases, liquids and solids because of its high 

surface area.40–42 The methods of manufacturing AC include the physical and chemical 

methods.43 The physical method requires two steps: carbonizing organic material at high 

temperature in an inert atmosphere, following by a treatment of the carbon with CO2 or 

steam, or their mixture. The chemical method involves heating the mixture of organic 

material and active agents at high temperature, then rinsing the active agents and drying 

the carbon. 

The pores of ACs are classified in three groups: micropores (diameter d<2 nm), 

mesopores (2 nm<d<50 nm) and macropores (d>50 nm).44 The micropores constitute the 

largest part of the internal surface and are accessible to the adsorptive molecules. 
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Generally, micropores contribute at least 90% of the total surface area of an AC. The 

mesopores contribute significantly to adsorption because of capillary condensation. 

Mesopores also can adsorb many macromolecules and ions larger than the pore diameter 

of micropores for the adsorbate. Acs with different pore structures and pore distribution 

are used for a variety of different applications. 

1.3.1 Waste Material Precursor  

AC can be manufactured from several materials, such as wood, coal and some 

polymers. Wood and coal are relatively economical, but polymers are the main source of 

pure carbon. Due to the high production costs, now waste materials are used for 

preparation of ACs. AC production costs can be reduced by either choosing a cheap raw 

material or by applying a proper production method45; nevertheless, it is still a challenge 

to prepare AC with very specific characteristics, such as a given pore size distribution, 

and using low-cost raw materials processed at low temperature (less energy costs).40  

Therefore, it is necessary to find suitable low-cost raw materials that are 

economically attractive and at the same time present similar or even better characteristics 

than the conventional ones. The use of waste materials for the preparation of AC is very 

attractive from the point of view of their contribution to decrease the costs of waste 

disposal, therefore helping environmental protection.46 

1.3.2 ACs as Electrodes 

Metal oxides, conducting polymers and carbons are the main electrode materials for 

EDLCs.28 Among which, carbon materials for electrochemical energy devices, such as 
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secondary batteries47, fuel cells48, and supercapacitors49, have been extensively studied. 

However, each type of electrochemical energy device requires different physical 

properties and morphology. For supercapacitors, the carbon material for the EDLC type 

must have high specific surface area, good intra- and interparticle conductivity in porous 

matrices, good electrolyte accessibility to intrapore surface area, and the available 

electrode production technologies.36–37  

ACs are much cheaper than metal oxides and conducting polymers and they have 

much larger specific surface area than the others. AC-based supercapacitors have been 

commercialized for small memory backup devices. During the last decades, the 

application of ACs as the electrode materials in supercapacitors has been intensively 

investigated because of their high specific surface area and relatively low cost. 

Theoretically, the higher the specific surface area of an AC, the higher the specific 

capacitance should be expected. Practically, the situation is more complicated, some ACs 

with smaller surface area give a larger specific capacitance than those with a larger 

surface area, because a significant part of the surface area remains in the micropores, 

which are not accessible to the electrolyte ions.36 Therefore, the pore size distribution 

together with the surface area is important for the determination of capacitance. 

1.3.3 Previous Studies 

Qian et al.50 prepared ACs from cattle-manure compost by ZnCl2 activation, and the 

influence of activation parameters such as impregnation ratio, activation temperature and 

retention time on the final products was investigated. The results showed that the surface 
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area and pore volume of ACs were achieved as high as 2170 m2 g–1 and 1.70 cm3 g–1, 

respectively.  

Hu et al.51 also prepared high surface area ACs from coconut shell with KOH 

activation, and the influences of KOH to shell ratio, activation temperature and pre-heat 

temperature were investigated. AC with the BET surface area and pore volume as high as 

2451 m2 g–1 and 1.21 cm3 g–1 was obtained. Besides, the ACs exhibited a much higher 

adsorption capacity for phenol, 4-chlorophenol and 4-nitrophenol from aqueous solution 

than did a commercial AC. 

Roh et al.52 synthesized low surface area ACs using multi-step activation for use in 

EDLC. The specific capacitance of the ACs heat treated at between 650 and 900 oC was 

increased up to 118 F ml–1, even with a low surface area carbon (< 50 m2 g–1). 

Li et al.53 prepared a series of ACs with the specific surface area between 1330 and 

1510 m2 g–1 from starch for electrochemical capacitors. The ACs showed excellent 

electric performance with the high specific capacitance between 170 and 220 F g–1. 

Mitani et al.54 activated raw pitch coke with alkali hydroxide at 500–900 oC to 

prepare high performance carbon for EDLC. It was found that the high surface area 

provided by KOH led to a high capacitance per weight of 39 F g–1. However, its 

capacitance per volume was as low as 16 F ml–1. Although the coke of moderate surface 

area showed a similar capacitance per weight, its capacity per volume was as high as 28 

F ml–1 because of its high density. The authors suggested that adequate porosity must be 

selectively introduced by NaOH activation to the coke to obtain moderate surface area. 

Much smaller expansion of layers in the present needle type coke activated by NaOH 
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than that by KOH is indicative for the higher density of the former activated coke. 

1.4 Objective of This Study 

Nowadays, black liquor keeps a steady increase following the growing demand for 

pulp paper. Although the current recovery methods carry out the partial self-support of 

energy during the paper making process, they both present such disadvantages: high 

investment, high operation cost, unstable operation, explosion risk and low energy 

efficiency (especially for recovery boiler). Therefore, develop a low-cost and high 

efficiency disposal method for utilization of black liquor is urgent. As black liquor is rich 

in the content of alkali compounds, it could be a good precursor for preparing ACs. 

Besides, ACs with a large surface area are employed as electrodes, in addition to fairly 

good electric conductivity, electrochemical inertness, and lightweight properties of 

carbon materials. So the objective of this study is to prepare EDLC from ACs derived 

from black liquor to carry out the high value utilization of black liquor, but to some 

extent, no literature about preparation of EDLC from porous carbon derived from black 

liquor has been reported in detail. This study will achieve such advantages as follows: 

(1) Low operation cost 

(2) Environmentally friendly  

(3) Porous and low-cost ACs 

(4) High surface area ACs 

(5) Good capacitive performance  

(6) Economizing the amount of activating agent 
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Chapter 2 Preparation and Characterization of ACs from 

Black Liquor 

2.1 Introduction 

ACs are known as very effective adsorbents due to their highly developed porosity, 

large surface area (that can reach 3000 m2 g–1), variable characteristics of surface 

chemistry, and high degree of surface reactivity.1–2 These unique characteristics make 

AC very versatile materials, which have been studied not only as adsorbents,3–4 but also 

as catalysts and electrode materials.5–6 ACs can be prepared from a large number of 

materials, such as wood, coal, lignite etc.7 Due to the increasing demand of ACs, 

low-cost precursors are urgently in demand. 

Black liquor is the waste from the production of papermaking fibers via the alkaline 

kraft process (sulfate method). Nowadays, black liquor is an important industrial fuel in 

papermaking countries.8 A certain amount of work has already been carried out on the 

production of ACs from lignin derived from black liquor. Hayashi et al.9 prepared ACs 

from lignin by chemical activation with ZnCl2, H3PO4 and some alkali metal compounds. 

The results showed that AC with a surface area of nearly 2000 m2 g–1 was obtained from 

K2CO3 activation. Gonzalez-Serrano et al.10 showed that ACs with a high BET surface 

area and a well-developed porosity have been prepared from pyrolysis of H3PO4- 

impregnated lignin. Although lignin is an interesting precursor for ACs, it presents the 
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disadvantage of being expensive because of its recycling cost. Black liquor contains 

about 50% of lignin along with high content of alkali metals (Na, K, etc.),8, 11 which are 

effectively used to improve the activation process.12 Therefore, preparation of ACs 

directly from black liquor may reduce the cost not only for lignin-recycling but also for 

activating agents, but to some extent, scarcely any research was reported, and the 

influence of alkali metals exist in black liquor on activation was examined for the first 

time in our study. 

In this chapter, the preparation of ACs from black liquor was carried out by 

chemical activation with alkali compounds. The influence of preparation conditions 

(carbonization temperature, activation temperature, holding time and the weight ratio of 

activating agent/char) on the pore structure of ACs was taken into account. Besides, the 

activation effect of ACs prepared from char and eluted char was compared to testify if 

the alkali metals exist in black liquor react as activating agent in the process of 

activation. 

2.2 Experimental 

2.2.1 Sample 

Black liquor used in this study as a starting material was obtained from Mitsubishi 

Corporation, Japan. Figure 2–1 shows the shape of black liquor sample. An ultimate 

analysis was conducted with a Leco CHN-2000 elemental determinator and a Leco 

SC-432 sulfur determinator (Leco Corp., St. Joseph, MI). Quantitative analysis of Na and 

K was carried on an ICA-2000 ion chromatography (TOADKK, Japan). Table 2–1 
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summarizes the main characteristics of the black liquor sample. According to Table 2–1, 

the moisture content of black liquor is as high as 83.3%, since the sample was not 

concentrated. It is the weak black liquor without evaporation. Otherwise, the ash content 

is also high, due to the alkali compounds existing in black liquor. 

 

Figure 2–1 Black liquor sample 

2.2.2 Thermogravimetric Analysis 

The weight loss behavior of black liquor was performed on a TGD9600S analyzer 

(ULBAC-RIKO, Japan). Black liquor after vacuum drying of about 7 mg was heated 

from room temperature to 1000 oC at a heating rate of 10 oC/min under Ar flow, and then 

the thermo gravimetric (TG) plots of black liquor was obtained.  

2.2.3 Carbonization Process 

Black liquor was put in four crucibles (size: Ø60 × H70 mm) and then put inside a 

crucible case (size: L150 × W150 × H70 mm). Afterward the sample was carbonized in 

muffle (FUW230PA, Toyo, Japan) under Ar flow (2 L/min). The carbonization condition 
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was as follows: hold for 30 min at room temperature to drive the air away, and then 

heated up from room temperature to the final temperature (500–900 oC) with the heating 

rate of 10 oC/min, and then held for 2 h at the final temperature. After carbonization, the 

char sample was obtained, and the char yield was calculated.  

Table 2–1 Proximate and ultimate analyses (wt.%) of Black liquor  

Proximate analysis  Black liquor 

Moisture [wt.%] 83.3 

Ash [wt.%, dry] 40.7 

Volatile matter [wt.%, dry] 41.0 

Fixed carbon [wt.%, dry] 18.3 

Ultimate analysis (wt.%, daf)  

C 59.4 

H 5.3 

N 0.2 

S 5.7 

O (by difference) 29.4 

Na [mg/g, as received] 32.1 

K [mg/g, as received] 3.0 

2.2.4 Activation Process 

The char sample was pulverized to pass through a 150 mesh sieve (<106 μm). 

Moreover, the char sample of approximately 2–4 g was put in a crucible, and thermally 

treated under continuous Ar flow in an electrically heated horizontal tube furnace (size: 
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Ø50×L600 mm, shown in Figure 2–2).  

 

Figure 2–2 Skeleton diagram of furnace 

 

                                    (a) 

 

                                    (b) 

Figure 2–3 Char sample before (a) and after (b) activation 

In each experiment the activation temperature was reached at a 10 oC/min heating 

rate and then maintained for 2–3 h and the impregnation ratio of activating agent/char 

Ar 

Sample 

Thermocouple 

300 mm

600 mm
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was 1–3. Different activation temperatures within the 500–900 oC range were also 

investigated. The activated samples were cooled down under Ar flow (Figure 2–3 shows 

the char sample before and after activation), and washed with hydrochloric acid (HCl) 

and distilled water to remove residual chemical until neutral pH. After being settled down 

overnight, the washed samples were dried at 20 oC in vacuum for 2 h, and then 

pulverized to pass through a 150 mesh sieve. In this study, the parameters of 

carbonization temperature (CT), activation temperature (AT), impregnation ratio (IR), 

holding time (HT) and the kinds of activating agents were examined. 

Table 2–2 Preparation conditions of ACs from black liquor 

Activation 

Sample 

Carbonization

temperature 

(oC) 
Activating agent,

Holding time 
Activating agent 
/Char (w/w %) 

Temperature 
(oC) 

CT500 500 KOH, 2 h 2/1 800 

CT600 600 KOH, 2 h 2/1 800 

CT700 700 KOH, 2 h 2/1 800 

CT800 800 KOH, 2 h 2/1 800 

CT900 900 KOH, 2 h 2/1 800 

AT500 600 KOH, 2 h 2/1 500 

AT600 600 KOH, 2 h 2/1 600 

AT700 600 KOH, 2 h 2/1 700 

AT800 600 KOH, 2 h 2/1 800 

AT900 600 KOH, 2 h 2/1 900 

IR1 600 KOH, 2 h 1/1 900 
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IR1.5 600 KOH, 2 h 3/2 900 

IR2 600 KOH, 2 h 2/1 900 

IR2.5 600 KOH, 2 h 5/2 900 

IR3 600 KOH, 2 h 3/1 900 

HT0.5 600  KOH, 0.5 h 2/1 600 

HT1 600 KOH, 1 h 2/1 600 

HT1.5 600  KOH, 2.5 h 2/1 600 

HT2 600 KOH, 2 h 2/1 600 

HT2.5 600  KOH, 2.5 h 2/1 600 

HT3 600 KOH, 3 h 2/1 600 

N500 600 NaOH, 2 h 2/1 500 

N600 600 NaOH, 2 h 2/1 600 

N700 600 NaOH, 2 h 2/1 700 

N800 600 NaOH, 2 h 2/1 800 

N900 600 NaOH, 2 h 2/1 900 

K500 600 K2CO3, 2 h 2/1 500 

K600 600 K2CO3, 2 h 2/1 600 

K700 600 K2CO3, 2 h 2/1 700 

K800 600 K2CO3, 2 h 2/1 800 

K900 600 K2CO3, 2 h 2/1 900 

500char 500 – – – 

600char 600 – – – 

700char 700 – – – 

800char 800 – – – 

900char 900 – – – 
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Figure 2–4 Process flow diagram of experiment 

It is known that washing with acid removes the alkali and alkaline earth metals, and 

washing with water removes the basic and water-soluble components in the carbon13. 

Thus, the final carbon products obtained by washing will yield well-developed porosity 

in the carbon structure. This point also was confirmed in Tsai’s study14. The results 

Sample (Black liquor)

Activation 
 Temperature (500-900 oC) 
 Heating rate (10 oC/min) 
 Activating agent:  

KOH, NaOH or K2CO3 

Activated carbons

Carbonization 
 Temperature (500-900 oC) 
 Heating rate (10 oC/min) 

Characterization of activated carbons



 37

clearly show that the approximate 50% of porosity in the carbon samples should be 

occupied by potassium salts in the structure. Small surface areas of the unwashed carbons 

are because of potassium salts left in the carbon products, blocking pore entrances to the 

nitrogen molecules based on the analysis of adsorption and desorption isotherms of 

nitrogen for determining BET surface area. Therefore, in this study, the ACs were washed 

by HCl, and then by water. The preparation conditions of ACs are displayed in Table 2–2, 

and the process flow diagram of experiment is given in Figure 2–4.  

2.2.5 Characterization of ACs and Chars 

The adsorption isotherm of N2 was measured on the AC at 77 K by a constant 

volume adsorption apparatus (BELSORP-max, Japan), and the specific surface area was 

determined by multi-point BET method. The micropore and mesopore distributions were 

determined by MP method and DH method, respectively. 

 BET method is based on the multi-layer molecular adsorption model proposed by 

Stephen Brunauer, Paul Hugh Emmett and Edward Teller, in which single layer 

adsorption volume, Vm is correlated with multi-layer adsorption volume, V. This is the 

famous BET equation. Since BET equation is based on multi-layer adsorption theory, 

which makes it more accurate to describe real adsorption process, measurement by BET 

method ensures better accuracy. Through measurement of 3–5 groups of multi-layer 

adsorption volume by sample at different partial nitrogen pressure, an adsorption 

isotherm can be plotted with P/V(P0－P) on the y-axis and P/P0 on the x-axis according 

to experimental results. Fit this curve to get a straight line, and then slope, and intercept 
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can be obtained. Surface area of sample under testing can be calculated from known Vm. 

Based on theory and practice, BET equation fit well with real adsorption process when 

P/P0 is in the range of 0.35–0.05. Curve linearity is nice too in this range, so this range is 

preferred for practical measurement.  

BET equation15 is: 
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2.3 Results and Discussion 
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Figure 2–5 The TG/DTG plots of black liquor  

TG analysis of black liquor revealed that two major thermal decompositions 

occurred around 250–500 oC and 650–950 oC as shown in Figure 2–5. Generally, black 
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liquor consists of lignin, hemicellulose, cellulose and extracts. From the derivative 

thermogravimetry (DTG) curve, initial weight loss corresponds to moisture removal, 

followed by a second degradation event around 250–500 oC and a third one around 

650–950 oC, where the evolution of light volatile compounds occurs from the 

degradation of cellulose and hemicelluloses. Thermal degradation of these individual 

components may be superimposed to simulate the overall degradation of black liquor.  

2.3.2 Char Yields 
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Figure 2–6 Char yields at different temperatures 

Carbonization temperature plays an important role on the carbonization process. As 

shown in Figure 2–6, the char yield decreases continuously as the raising carbonization 

temperature. At a lower carbonization temperature (500–600 oC), some of the more stable 

components in small particles may not be readily decomposed, while at higher 
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temperatures (700–900 oC), most of these constituents can be thermally devolatilized, 

leaving a comparable amount of char. 

According to the TG result displayed in Figure 2–5, initial weight loss corresponds 

to moisture removal, followed by a second degradation event around 250–500 oC and a 

major one from 650 to 950 oC, in which the evolution of light volatile compounds occurs 

from the degradation of lignin. It illustrates that the alkali compounds existing in black 

liquor modify the carbonization behavior of lignin as a chemical reagent in two 

temperature ranges. Therefore, the char yield decreases rapidly from 700 oC, reaching the 

maximum value at 600 oC (52%, db). However, the char yield doesn’t decrease rapidly 

from 800 oC to 900 oC, according to the major degradation at this temperature range in 

the DTG plot. This can be explained by carbon deposition during the carbonization 

process in muffle. These findings are consistent with the general concept that increasing 

the carbonization temperature decreases the amount of the unstable volatiles on the 

carbon samples.  

Table 2–3 Characteristic results of char samples 

Char sample 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

500char 136 0.10 3.06 

600char 358 0.18 2.07 

700char 478 0.26 2.20 

800char 460 0.24 2.13 

900char 597 0.28 1.89 
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Figure 2–7 Effect of carbonization temperature on BET surface area of chars 

According to the characteristic results of char samples given in Table 2–3, the BET 

surface area and pore volume roughly increase with the increase of carbonization 

temperature (shown in Figure 2–7). However, pore size decreases following the 

increasing of carbonization temperature. Hence, 900char shows the highest BET surface 

area (597 m2 g–1) and pore volume (0.28 cm3 g–1), along with the smallest pore size 

(1.8914 nm), which indicates that micropore contributes to the specific surface area. 

2.3.3 Influence of Carbonization Temperature 

It has been indicated that the carbonization process has a great effect on the final 

product, and careful selection of carbonization parameters is important in order to 

prepare the required quality of ACs.16 The purpose of carbonization process is to enrich 

the carbon content and to create an initial porosity in the char. There are several critical 

parameters in the preparation of AC that would affect its structure, one of which is 
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carbonization temperature. It has been shown that high carbonization temperature would 

result in a great amount of volatiles being released from the raw material and eventually 

influences the product yield and porosity.17 

To examine the influence of carbonization temperature on pore structure of ACs, the 

ACs (named with CT500–900 respectively) were obtained by activating chars with KOH 

at 800 oC for 2 h at the different carbonization temperatures in this section, Figure 2–8 

compares the nitrogen adsorption isotherms of the ACs, and all the samples present type I 

isotherms, indicating its microporous features.12 The enhanced volume of the ACs means 

the increase of pore volume. And the characteristic results of ACs are given in Table 2–4. 

The surface area and pore size distribution of ACs prepared at different 

carbonization temperatures (500–900 oC) are shown in Figures 2–9 and 2–10, 

respectively. The chars prepared at the carbonization temperature without activation have 

surface area of 135–600 m2 g–1.  
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Figure 2–8 Nitrogen adsorption isotherms of ACs with different carbonization temperatures 
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Table 2–4 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

BL500 2694 1.32 1.97 

BL600 2723 1.28 1.87 

BL700 2298 1.28 2.22 

BL800 1868 1.04 2.24 

BL900 1495 1.06 2.82 

CC  944 0.79 3.34 

500 600 700 800 900
0

1000

2000

3000

Temperature of carbonization (oC)

B
ET

 s
ur

fa
ce

 a
re

a 
(m

2  g
-1
)

 

Figure 2–9 Effect of carbonization temperature on BET surface area 
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Figure 2–10 Effect of carbonization temperature on pore size distribution 

It was observed that the surface areas of these ACs are much larger than that of the 

char, which indicates that KOH works effectively as an activating reagent below 500 oC. 

The surface areas increase between the temperatures of 500 and 600 oC, and a maximum 

surface area of more than 2500 m2 g–1 was observed at 600 oC. This illustrates that the 

pores enlarge up to this temperature. Above 600 oC, the excess enlargement induces pore 

combination, resulting in an increase in mesopores, and a decrease of micropore volume 

and surface area. Hence, the specific surface area and pore volume decreases with the 

increase of carbonization temperature. From comparison with Table 2–4, the ACs 

prepared from black liquor have surface areas much larger than the commercial AC 

(labeled CC) prepared from char coal.  

2.3.4 Influence of Activating Temperature 

The activation temperature is considered to be an important parameter that affects 
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the characteristics of the ACs produced.18–19 According to the above result, 600 oC char 

was a potential char for activation in the interest of obtaining porous carbon materials. 

Consequently, the influence of activation temperatures was examined, and the result is 

exhibited in Table 2–5. Figure 2–11 compares the nitrogen adsorption isotherms of the 

ACs (named with AT500-900 respectively), and all the samples also present type I 

isotherms, indicating its microporous features.  
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Figure 2–11 Nitrogen adsorption isotherms of ACs with different activation temperatures 

The BET surface area values corresponding to the ACs obtained at different 

activation temperatures (500–900 oC) are plotted in Figure 2–12. It can be observed that 

this series of samples covers a wide range of surface areas (from 1900 up to more than 

3000 m2 g–1), and the BET surface area of the char obtained in 600 oC is only 358 m2 g–1. 

Increasing the temperature from 500 to 900 oC progressively increases both the BET 

surface and pore volume, reaching 3089 m2 g–1 at 900 oC, much larger than usual 
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commercial ACs, including the ACs prepared from lignin.  

Table 2–5 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

AT500 1935 0.85 1.76 

AT600 1910 0.93 1.94 

AT700 2613 1.29 1.97 

AT800 2723 1.28 1.87 

AT900 3089 1.76 2.28 

CC  944 0.79 3.34 
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Figure 2–12 BET surface area of ACs at different activation temperatures. 

Because the activation reaction with KOH is an endothermic reaction, so the 
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enhancement of temperature is propitious to the process of activation reaction and 

improves the activation effects.6 Much work has been carried out in the area of chemical 

activation using KOH. Marsh et al.20 studied the effect of KOH on different cokes and 

stated the effect of KOH on different cokes and stated that the presence of oxygen in the 

alkali resulted in the removal of cross-linking and stabilizing of carbon atoms in the 

crystallites. Potassium metal liberated at the reaction temperatures may intercalate and 

force apart the separate lamellae of the crystallite. Removal of these potassium salts (by 

washing) and carbon atoms (by activation reaction) from the internal volume of the 

carbon creates the micropores in the structure. Otowa et al.21,22 produced 

high-surface-area activated carbons from petroleum coke by KOH and studied the 

activation mechanisms. They found that considerable amounts of K2CO3 and hydrogen 

were formed and only a small amount of CO2 was contained in the effluent gas. Also, 

they concluded that high temperature would cause several atomic layers of carbon being 

widened and hence, forming large pores. Some possible reactions were proposed: 

2 KOH → K2O＋H2O (dehydration)  

C＋H2O → H2＋CO (water-gas reaction) 

      CO＋H2O → H2＋CO2 (water-gas shift reaction) 

 K2O＋CO2 → K2CO3 (carbonate formation) 

When the activation temperature exceeds 700 oC, a considerable amount of metallic 

potassium is formed due to the following possible reaction: 
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     K2O＋H2 → 2 K＋H2O (reduction by hydrogen) 

  K2O＋C → 2 K＋CO (reduction by carbon) 

In this study, increasing the temperature from 500 oC to 900 oC increase of the pore 

development, and creates new pores. The progressive temperature rise increases the 

C-KOH reaction rate, resulting in increasing carbon burn-off. Concurrently, the 

continuous evolution of volatiles from the char samples also increases with increasing 

temperature. The devolatilization process further develops the rudimentary pore structure 

in the char, whereas the C-KOH reaction enhances the existing pores and creates new 

ones. These two reactions produce an increasing BET surface area and micropore volume 

with increasing activation temperature. The micropore volume is developed as activation 

temperature increases, which was just as reported that higher micropore volumes and 

wider micropore sizes would be obtained by KOH activation.23 
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Figure 2–13 Effect of activation temperature on pore size distribution 
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Taking AT600) and AT800 as example, the effect of activation temperature on pore 

size distribution is given in Figure 2–13. It is found that the micropore is well developed 

with the increase of temperature.  

2.3.5 Influence of Impregnation Ratio 

Table 2–6 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 
Pore volume (cm3 g–1) 

Pore size 

(nm) 

IR1 1936 1.32 2.73 

IR1.5 2382 1.59 2.67 

IR2 3089 1.76 2.28 

IR2.5 2865 2.22 3.09 

IR3 2448 2.04 3.34 

CC  944 0.79 3.34 

The impregnation ratio of activating agent/char has been found to be one of the 

important parameter in preparation of AC using chemical activation.24,25 In order to study 

the effect of impregnation ratio on the performance of the ACs, here we used 

carbonization temperature of 600 oC and activation temperature of 900 oC according to 

the above result. The pore characteristic of ACs (named with IR1-3 respectively) 

produced at various impregnation ratios are given in Table 2–6, and Figure 2–14 

illustrates the effect of impregnation ratio on BET surface area of the ACs.  
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Figure 2–14 Effect of impregnation ratio on BET surface area  

The result indicates that pore volume is increasing continuously with impregnation 

ratio, and the BET surface area also increases with impregnation ratio up to 2, and 

thereafter decreases with increasing ratio above 2. The mechanism of pore evolution with 

varying ratio is as follows: Upon increasing the ratio from 1 to 2, predominantly 

micropores but some mesopores or macropores are progressively formed and hence the 

BET surface area of the ACs continues to increase up to a maximum of 3089 m2 g–1 for a 

ratio of 2. The presence of hydroxyl group acts as the oxidizer for the C-KOH reaction, 

resulting in the consumption of carbon and the formation of pores within the internal 

carbon structures. The continuous devolatilization of the char sample also contributes to 

the increase in the BET surface area, regardless of the different ratios. When the ratio is 

increased from 2 to 2.5, the BET surface area decreases slightly, which is attributed to the 

pore widening effect as the pore walls are “burnt-off” and become thinner. A further 
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increase of the ratio to 3 results in further reductions in the BET surface area. These 

reductions are due to an enhanced C-KOH reaction, resulting in the widening of pores 

through the complete “burning-off” of some walls between neighboring pores and 

continuous pore wall thinning. In general, since the increase of KOH can accelerate the 

reaction rate, a great quantity of pores increased correspondingly. However, excessive 

amount of KOH added can cause further reaction between KOH and carbon of 

micro-porous structure formed at previous stage. That is to say, addition of excessive 

amount of KOH may destroy the micro-porous structure and enlarge the volume of pores. 

Therefore, the amount of KOH played a decisive role for formation of pores. 

Based on the above results, the optimum ratio of KOH/char is 2 for maximum BET 

surface area, and this ratio would be used for the subsequent experiment. 

2.3.6 Influence of Holding Time  

The specific surface area of AC may be influenced by the holding time during 

activation. In order to find the suitable holding time, the values of BET surface area of 

ACs (named with HT1-3 respectively) prepared after experiencing different holding time 

at a carbonization temperature of 600 oC, a activation temperature of 600 oC and a 

impregnation ratio of 2 were investigated, and the result is shown in Table 2–7. When 

holding time was 1, 1.5, 2, 2.5 and 3 h, BET surface area of AC was 1556, 1796, 1791, 

1910, 1936 and 2140 m2 g–1 accordingly. 
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Table 2–7 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

HT0.5 1556 0.72 1.86 

HT1 1796 0.86 1.96 

HT1.5 1791 0.83 1.86 

HT2 1910 0.93 1.94 

HT2.5 1936 0.95 1.96 

HT3 2140 1.07 2.00 

CC 944 0.79 3.34 

Figure 2–15 shows the surface area characteristics of the ACs. Increasing the 

holding time from 0.5 to 1 increases the BET surface area and pore volumes. These 

properties increase with the continuous devolatilization of the char; coupled with pore 

enhancement and the formation of new pores which are both due to carbon burn off as a 

result of the C-KOH reaction. However, at a hold time of 1.5 h, the BET surface area and 

pore volume slightly decrease due to the pore wall thinning effect and the subsequent 

substantial release of volatiles. When the hold time is increased from 1.5 to 3, the BET 

surface area and pore volume increase. These increases are due to the formation of new 

micropores and the conversion of some micropores to meso- and macropores through the 

C-KOH reaction, besides the continuous release of volatiles from the sample. 
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Figure 2–15 Effect of holding time on BET surface area  

2.3.7 Influence of Activating Agents (NaOH) 

Among all the chemical activation agents, alkaline hydroxides as KOH or NaOH are 

reported to be highly interesting from the performance point of view, allowing ACs to be 

prepared from many kinds of carbonaceous precursors (coals, chars, fibres, etc.) 26–35. A 

study34 suggests that the carbon/MOH (M = Na or K) reaction mechanism is independent 

of the hydroxide. The hydroxide reduction leads to H2 and Na or K metals, and carbon is 

oxidized to carbonates (Na or K ) according to the global reaction: 

322 2326 COMHMCMOH ++↔+  

    The common feature of all the materials for which NaOH was not an efficient 

activating agent, was the presence of some organization of the graphene layers. Therefore, 

the previous statements that carbon activation by NaOH or KOH takes place through the 
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same reactions are not completely exact.  

Raymundo-Piñero et al.36 have demonstrated that there is a different behavior of 

NaOH and KOH as activating agents related with the structural organization of the 

pristine material. NaOH is only effective with disordered materials whereas KOH was 

found effective with all of them. The differences found between KOH and NaOH during 

activation are related with an additional intercalation step of metallic K or Na produced 

during the redox reactions. It is shown that metallic K has the ability to be intercalated in 

all materials in contrast with Na which can only intercalate in the very disorganised ones. 
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Figure 2–16 Nitrogen adsorption isotherms of ACs 

In order to study the activation effect of NaOH on performance of the ACs derived 

from black liquor, here we used carbonization temperature of 600 oC and activation 

temperature of 900 oC. Figure 2–16 compares the nitrogen isotherms of ACs activated by 

NaOH and KOH with the same carbonization temperature, activation temperature, 

holding time and impregnation ratio. The pore characteristic of ACs (named with 
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N500–900 respectively) produced by NaOH activation at various impregnation ratios are 

given in Table 2–8, and Figure 2–17 compares the activation effect of NaOH and KOH 

on BET surface area of the ACs at different activation temperatures. 

Table 2–8 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

N500 1775 0.86 1.95 

N600 2082 1.08 2.08 

N700 2699 1.60 2.38 

N800 2448 1.81 2.95 

N900  759 0.62 3.26 

CC  944 0.79 3.34 

The results show that the activation effect of NaOH and KOH is different. In KOH 

activation which was discussed in section 2.3.4, increasing the temperature from 500 oC 

to 900 oC progressively increases both the BET surface and pore volume. However, in 

NaOH activation, the BET surface area increases with the increase of activation 

temperature until 700 oC, and then decreases from 700 to 900 oC, especially at 900 oC. 

This decrease in surface area is comparable. As temperature increased, ash formation also 

increased, resulting in decrease of surface area. Pore widening and pore collapse could 

also occur and result in decrease of surface area. Researchers have also observed that 

beyond a certain temperature (depending on raw material, method of activation and other 
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parameters), the surface area of the ACs decreased. 

As mentioned above, because the activation reaction with NaOH is an endothermic 

reaction, so the enhancement of temperature is propitious to the process of activation 

reaction and improves the activation effects. However, since the increase of temperature 

can accelerate the reaction rate, a great quantity of pores increased correspondingly; 

Above 700 oC, the excess enlargement induces combination of pores, resulting in an 

increase in mesopores for all alkali metal salts, and a decrease of micropore volume, and 

of surface area. 
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Figure 2–17 Effect of activation temperature on BET surface area       

2.3.8 Influence of Activating Agents (K2CO3) 

K2CO3 is not a hazardous chemical and not deleterious, so it is also frequently used 

for activtating agent replacing KOH and NaOH.37 In order to investigate the activation 
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effect of K2CO3 on performance of the ACs derived from black liquor, here we used the 

same experiment condition used in section 2.3.7. The pore characteristic of ACs (named 

with K500–900 respectively) produced by K2CO3 activation at various impregnation 

ratios are given in Table 2–9, and Figure 2–18 compares the activation effect of K2CO3 

and KOH on BET surface area of the ACs at different activation temperatures. 

Table 2–9 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

K500 339 0.18 2.09 

K600 358 0.20 2.19 

K700 790 0.37 1.87 

K800 1026 0.47 1.84 

K900 1136 0.61 2.15 

CC  944 0.79 3.34 

According to the result, the BET surface area increases with the increase of 

activation temperature similar to KOH activation, although the values of BET surface 

area are much lower than that in KOH activation. The surface areas of the ACs prepared 

by K2CO3 activation at 500 oC and 600 oC are very small, almost the same value as that 

of the char without activation. It can be presumed that the micro- or mesopore structure 

was scarcely modified. Thus it was deduced that K2CO3 activation did not work 

effectively below 500 oC. This indicates that K2CO3 is effective above a temperature of 
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700 oC. K2CO3 was reduced in inert atmosphere by carbon as follows:38 

COKCCOK 32232 +→+  

This progressive temperature increased the C–K2CO3 reaction rate, resulting in 

increasing carbon “burn-off”. Concurrently, the volatiles from the samples continued to 

evolve with increasing carbonization temperature. The develotilization process further 

developed the rudimentary pore structure in the char, whereas the C-K2CO3 reaction 

enhanced the existing pores and created new porosities.  
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Figure 2–18 Effect of activation temperature on BET surface area 

2.3.9 Influence of the Presence of Na and K  

As shown in Table 2–2, high content of Na (32.1 mg/g) and K (3.0 mg/g) exist in 

black liquor, which are effectively used to improve the activation process. In order to 
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investigate the influence of the presence of Na and K, 600 oC char was washed by HCl 

and distilled water until neutral pH to remove the residual alkali metal in black liquor. 

Then, the pore characterization of the AC (named with ACdaf900) prepared from the 

eluted char was compared with AC900 at the same preparation condition, and the results 

are given in Table 2–10. 

Table 2–10 Characteristic results of ACs 

ACs 
BET surface area 

(m2 g–1) 

Pore volume 

(cm3 g–1) 

Pore size 

(nm) 

AC900 3089 1.76 2.28 

ACdaf900 1245 0.66 2.11 

Char 358 0.18 2.07 
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Figure 2–19 N2 adsorption-desorption isotherms of ACs: Closed symbols, 

adsorption; open symbols, desorption  

Figure 2–19 and Figure 2–20 give the characteristic of ACs and char. According to 
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IUPAC classification, the char and ACdaf900 exhibit a steep type I isotherms. Adsorption 

curve rose sharply at relative pressure of p/p0 less than 0.10, and then approached plateau 

with increasing relative pressure; the adsorption and desorption branches were parallel 

over a wide range at higher relative pressure, indicating its microporous characterization. 

Whereas, AC900 exhibits a combination isotherm of type I and II, indicating the 

presence of some mesopores in the carbon corpuscular.  
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Figure 2–20 BET surface area and pore volume of char and ACs 

Besides, the result given in Figure 2–20 explains that ACdaf900 shows much lower 

BET surface area and pore volume than AC900. It illuminates that the alkali metals that 

exist in black liquor did react as activating agent in the process of activation, which 

explains that why the amount of KOH used in this study was extremely economized 

comparing with previous researches as given in Table 2–11.4, 39–42 
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Table 2–11 Comparison with other researches  

Raw material 
KOH/Char

(w/w) 

BET surface area

(m2 g–1) 
Reference 

Black liquor  2/1 3089  

Cassava peel 5/2 1605 Sudaryanto et al., 2006 

Raw pitch coke 4/1 2320 Mitani et al., 2004 

Olive-seed waste residue 4/1 3049 Stavropoulos et al., 2005 

Edible red sugar cane 6/1 2299 Tseng et al., 2006 

Fir wood 6/1 2794 Wu et al., 2005 

2.4 Summaries 

ACs with large surface area were prepared from chemical activation of black liquor 

with KOH, NaOH and K2CO3. Among which, KOH is the most effective activating agent 

for activation with black liquor. The results show that the porosity of the ACs is highly 

dependent on the preparation conditions, such as carbonization temperature, activation 

temperature, holding time and chemical impregnation ratio. Under the experimental 

conditions studied, the best conditions for preparing ACs with high surface area and pore 

volume are an carbonization temperature of 600 oC, an activation temperature of 900 oC, 

and an impregnation ratio of 2 (KOH to char). With these experimental conditions, an 

AC with a BET surface area of 3089 m2 g–1 and a total pore volume of 1.76 cm3 g–1 was 

obtained. Besides, the optimal impregnation ratio of 2 is much lower than those 

recommended in the literature. Too high impregnation ratio will result in the burn-off of 
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carbon structures and widening of the micropores. The amount of activating agent used 

in this study was extremely economized comparing with previous researches. 

Accordingly, black liquor was demonstrated to be an excellent and low-cost candidate 

for manufacturing ACs with good pore characteristics.  
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Chapter 3 EDLC from AC Derived from Black Liquor 

3.1 Introduction 

EDLCs are very attractive as a potential energy storage system because of their high 

power density, quick charge-discharge rate, free maintenance, long life operation, and 

environmentally friendly energy technology.1–2 For the application, ACs are recognized 

as an essential component because of their large surface area, highly porous structure, 

and good adsorption property. Therefore, many researches on ACs with excellent 

capacitive performance in aqueous3–6 and nonaqueous7–8 electrolytes were reported. 

Black liquor is one of the main by-product of pulp paper industry, which is 

considered as pollutant because it contains about 50% of lignin. At present, more than ten 

kinds of technologies have been utilized extensively, including alkali recovery, acidic 

separation, biochemistry, membrane treatment, flocculating settling oxygenation, etc.9 

Although these methods of treatment seem effective for the liquid waste processing of 

paper industry, they present the disadvantage of being expensive because of their 

operating cost and/or the relatively high cost for the chemical reagents used.10 Depending 

on the paper process, high content of compounds of Na, K, etc. exist in black liquor, 

which are effectively used to improve the activation process. The addition of potassium 

and sodium compounds is common practice in the production of ACs. Besides the 

enhancement of reactivity, they are known to promote the development of microporosity 
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and high surface area.11 Therefore, using black liquor as a porous carbon precursor may 

provide an effective approach to carry out the value-added utilization of black liquor. 

Comparing with the above dispose methods such as alkali recovery, it is more 

economical and effective, but to some extent, no literature about preparation of EDLC 

from porous carbon derived from black liquor has been reported in detail. 

In this chapter, I tried to prepare EDLC from ACs derived from black liquor. The 

capacitance of the ACs was evaluated with galvanostatic charge/discharge in 0.5 M 

TEABF4/PC, and the effects of preparation parameters on the capacitance of the 

resulting products were investigated. 

3.2 Experimental 

A mixture of 87 wt.% of AC, 10 wt.% of acetylene black and 3 wt.% of PTFE 

binder was pressed into pellets (13 mm in diameter) as the electrodes. Then the 

electrodes were dried under vacuum at 200 oC for 2 h. Button-type capacitor was 

assembled with two AC electrodes using 0.5 M TEABF4/PC as the electrolyte as shown 

in Figure 3–1. The capacitors were galvanostatically cycled between 0 and 2.5 V on a 

Land cell tester. The gravimetric capacitance (Cg) of a single electrode was determined 

with the formula: 

Cg=IdT/2dV 

where I is the discharge current, dT is the discharge time variation, dV is the voltage 

variation in discharge.  

The volumetric capacitance (Cv) was determined with the formula: 
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Cv=Cg × ρ × 0.87 

where ρ is the average density of electrodes. The value of capacitance is calculated with 

the discharge current density of 10 mA g–1 between 1 and 2 V. The preparation conditions 

all ACs in this study were exhibited in Table 2–1 in chapter 2. 

 

 

             

Figure 3–1 Button-type capacitor 
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3.3 Results and Discussion 

3.3.1 Influence of Carbonization Temperature 

The ACs were obtained by activating chars with KOH at 800 oC for 2 h (named with 

CT500–900 respectively), and the effect of carbonization temperatures on the BET 

surface area is discussed in last chapter. Table 3–1 shows the values of BET surface area 

and capacitance of ACs, and the charge-discharge curves with a charge current density of 

40 mA g–1 and a discharge density of 10 mA g–1 are given in Figure 3–2.  

Table 3–1 BET surface area and capacitance of ACs 

ACs 
BET surface area 

(m2 g–1) 

Capacitance 

(F g–1) 

Capacitance 

(F cm–3) 

CT500 2694 35.0 9.9 

CT600 2723 40.8 12.1 

CT700 2298 34.6 9.9 

CT800 1868 30.0 9.1 

CT900 1495 21.0 8.6 

CC 944 16.0 8.1 

The results of some previous investigations12–16 showed that there is a direct 

relationship between BET surface area and the capacitance of porous carbons. 

Theoretically, the higher the specific surface area of an AC, the higher the specific 
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capacitance should be expected. Practically, the situation is more complicated. 

Significant deviation from this simple law has been frequently observed.14–18  
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Figure 3–2 Charge-discharge curves of the ACs-based EDLC 
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Figure 3–3 Effect of carbonization temperatures on Cg of ACs 
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The effect of carbonization temperature on the specific capacitance of ACs at a 

current density of 10 mA g–1 is illustrated in Figure 3–3. It shows that a general trend 

between capacitance and BET surface area, although it is not a perfect linear relationship. 

The specific capacitance of CC is only 16.0 F g–1. From 600 to 900 oC, as the 

carbonization temperature increases, the capacitance of ACs decreases continuously. 

CT600 with the highest BET surface area has the highest specific capacitance of 40.8 F 

g–1, twice larger than that of CT900, 2.5 times larger than that of CC. This means that the 

enhanced capacitance can be mainly attributed to the enhancement of surface area. 
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Figure 3–4 Effect of carbonization temperatures on Cv of ACs 

The effect of carbonization temperature on the volumetric capacitance of ACs is 

also illustrated in Figure 3–4. Similar to gravimetric capacitance, as the carbonization 

temperature increases, the volumetric capacitance of ACs decreases from 600 to 900 oC, 

reaching the maximum value of 12.1 F cm–3 at 600 oC, larger than CC with the value of 
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8.1 F cm–3. Besides, between the volumetric capacitance and BET surface area also keeps 

an approximate linear relationship except for the isolation of CT500. 

According to the characterization results, 600 oC is the most suitable carbonization 

temperature for obtaining predominant porous carbon with the highest char yield, a 

higher BET surface area and the highest capacitance than that at other carbonization 

temperatures. Therefore, the carbonization temperature of 600 oC will be used in the next 

study. 

3.3.2 Influence of Activation Temperature 

The BET surface area and capacitance values corresponding to the ACs obtained at 

different activation temperatures (500–900 oC) but with a fixed carbonization 

temperature (600 oC) are plotted in Table 3–2.  

Table 3–2 BET surface area and capacitance of ACs 

ACs 
BET surface area  

(m2 g–1) 

Capacitance  

(F g–1) 

Capacitance  

(F cm–3) 

AT500 1935 26.1 13.8 

AT600 1910 41.4 16.6 

AT700 2613 35.8 12.0 

AT800 2723 40.8 12.1 

AT900 3089 38.1 9.0 

600char 358 1.10 0.7 

CC  944 16.0 8.1 
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The BET surface area was found to be increased slowly with the increase of 

activation temperature. Because the activation reaction with KOH is an endothermic 

reaction, so the enhancement of temperature is propitious to the process of activation 

reaction and improves the activation effects. However, the capacitance did not show a 

propitious relationship with the activation temperature, but keeps a approximate linear 

relationship with the BET surface area except for AT600. The AC obtained at 900 oC 

shows the highest BET surface area, but a smaller specific capacitance and the smallest 

volumetric capacitance. The charge-discharge curves are given in Figure 3–5. 
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Figure 3–5 Charge-discharge curves of the ACs-based EDLC 

The effect of activation temperature on capacitance of ACs is illustrated in Figure 

3–6 and Figure 3–7. It can be observed that the specific capacitance value as high as 

41.4 F g–1 and  the volumetric capacitance value of 16.6 F cm–3 was obtained, which 

indicates that micropores (pore size less than 2 nm) contribute to the EDLC, and it is also 

roughly proportional to BET surface area, reaching the maximum value at 600 oC. 
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Besides, the capacitance of 600char is only found to be 0.7 F cm–3, which indicates that 

the pore structure is well improved after the activation process.  
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Figure 3–6 Effect of activation temperatures on Cg of ACs 
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Figure 3–7 Effect of carbonization temperatures on Cv of ACs 
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Besides, there is an inverse proportional relationship between volumetric 

capacitance and BET surface area. The higher BET surface area, the lower volumetric 

capacitance, due to the low density of electrode.  

3.3.3 Influence of Holding Time 

Table 3–3 BET surface area and capacitance of ACs 

ACs 
BET surface area 

(m2 g–1) 

Capacitance 

(F g–1) 

Capacitance 

(F cm–3) 

HT0.5 1556 37.4 15.1 

HT1 1796 38.2 15.4 

HT1.5 1791 39.0 15.5 

HT2 1910 41.4 16.6 

HT2.5 1936 39.5 15.3 

HT3 2140 41.0 15.7 

CC  944 16.0 8.1 

The effect of activation times from 0.5 h to 3 h on BET surface area and capacitance 

was also investigated, and the result is given in Table 3–3. The BET surface area was 

found to be increased slowly with the increase of holding time, and the specific 

capacitance and the volumetric capacitance are not very influenced by the holding time, 

and keeps the values about 37–42 F g–1 and 15–17 F cm–3, respectively, both larger than 

the value of CC. The charge-discharge curves are given in Figure 3–8.  
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Figure 3–8 Charge-discharge curves of the ACs-based EDLC 
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Figure 3–9 Effect of activation times on Cg of ACs 

Figure 3–9 and 3–10 show the relationship between the BET surface area and 

capacitance. It is observed that from 0.5 h to 2 h the specific capacitance and volumetric 
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capacitance are slightly increased with the increase of holding times, but decreases at 2.5 

h and then increases at 3 h lower than that at 2 h. In general, there is a proportional 

relationship between the specific capacitance and BET surface area, among which HT2 

(also named with AT600) shows the highest value, but a little isolation from the linear 

relationship. 
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Figure 3–10 Effect of activation times on Cv of ACs 

3.3.4 Influence of Impregnation Ratio 

The BET surface area and capacitance values corresponding to the ACs obtained at 

different impregnation ratios are plotted in Table 3–4. IR2 with the highest BET surface 

area value also shows the largest specific capacitance value of 38.1 F g–1, but a low 

volumetric capacitance value of 9.0 F cm–3. However, IR1 with the smallest BET surface 

area value shows the lowest specific capacitance value of 30.7 F g–1, but the largest 
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volumetric capacitance value of 9.6 F cm–3.  

Table 3–4 BET surface area and capacitance of ACs 

ACs 
BET surface area 

(m2 g–1) 

Capacitance 

(F g–1) 

Capacitance 

(F cm–3) 

IR1 1936 30.7 9.6 

IR1.5 2382 34.2 9.5 

IR2 3089 38.1 9.0 

IR2.5 2865 36.7 6.1 

IR3 2448 38.0 6.9 

CC  944 16.0 8.1 
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Figure 3–11 Charge-discharge curves of the ACs-based EDLC 

The charge-discharge curves are given in Figure 3–11. Figures 3–12 and 3–13 

show the relationship between the BET surface area and capacitance. It is observed there 
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is a proportional relationship between the specific capacitance and BET surface area, 

except for IR3. IR3 has a high capacitance, much higher than the expected value 

according to the trend.  
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Figure 3–12 Effect of impregnation ratio on Cg of ACs 
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Figure 3–13 Effect of impregnation ratio on Cv of ACs 
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Besides, between the volumetric capacitance there is not a clear relationship, but the 

volumetric capacitance decreases with the increase of impregnation ratio. And the 

samples of IR3 and IR2.5 show the lower volumetric capacitance than that of CC. 

3.3.5 Influence of Activating Agent 

Activating agent plays a very important role in the preparation of EDLC from ACs. 

The effect of different activating agents (KOH, NaOH and K2CO3) on BET surface area 

and capacitance was investigated, and the result is given in Table 3–5. The three ACs 

were prepared with the same parameter including carbonization temperature (600 oC), 

activation temperature (900 oC), holding time (2 h) and impregnation ratio (2). The 

charge-discharge curves are given in Figure 3–14.  

Table 3–5 BET surface area and capacitance of ACs 

ACs 
BET surface area 

(m2 g–1) 

Capacitance 

(F g–1) 

Capacitance 

(F cm–3) 

AT900 3089 38.1 9.0 

N900 759 27.2 7.3 

K900 1136 22.2 12.2 

CC 944 16.0 8.1 

ALL of the ACs exhibit both larger BET surface area and capacitance than CC. 

AT900 shows the largest BET surface area and highest specific capacitance. Whereas, 

N900 shows the smallest BET surface area and lowest volumetric capacitance, but a 

larger specific capacitance than K900. The result indicates that KOH is a very effective 
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activating agent for preparation AC using for EDLC. 
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Figure 3–14 Charge-discharge curves of the ACs-based EDLC 

3.3.6 Influence of the Presence of Na and K 

In order to investigate the influence of the presence of Na and K, 600 oC char was 

washed by HCl and distilled water until neutral pH to remove the residual alkali metal in 

black liquor. The BET surface area and capacitance values are plotted in Table 3–6, and 

the charge-discharge curves are given in Figure 3–15. According to the result, AT900 

shows the higher specific capacitance than ATdaf900, due to its high BET surface area 

value. It indicates that the presence of Na and K in black liquor did react as activating 

agent, and the porous structure was well developed which was benefit for the application 

in EDLC. 
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Table 3–6 BET surface area and capacitance of ACs 

ACs 
BET surface area 

(m2 g–1) 

Capacitance 

(F g–1) 

Capacitance 

(F cm–3) 

AT900 3089 38.1 9.0 

ATdaf900 1245 27.2 12.8 
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Figure 3–15 Charge-discharge curves of the ACs-based EDLC 

3.3.7 Correlation between EDLC and Pore Sizes 

According to the characterization results, a general trend between capacitance and 

BET surface area exists for all the samples, although it is not a perfect linear relationship. 

This trend was also observed in previous studies using other carbon materials with lower 

surface area.19–21 These results indicate that although the BET surface area is a very 

important parameter, the EDLC also seems to depend on other characteristics of the 
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porous carbon materials, probably on the pore size distribution and surface chemistry. As 

the ACs are obtained from the same precursor and by the same method, they should have 

similar surface chemistry. 

In a previous study,22 where the EDLC performance of ACs with BET surface areas 

lower than 2000 m2 g–1 were measured, it was shown that mesoporosity is beneficial for 

EDLC. However, for KOH activation, according to the results obtained with samples 

which show BET surface area larger than 2000 m2 g–1, it seems that the presence of 

mesopores in materials with high surface area (> 2000 m2 g–1) is not very effective for 

double layer capacitance. 

Figure 3–16 shows the correlations between pore size (≤2 nm) and capacitance, and 

the correlations between pore size (>2 nm) and capacitance is shown in appendix. All 

ACs with the pore size smaller than 2 nm were displayed in this figure. It was found that 

there was a peak maximum of capacitance when the pore size was about 1.92 nm, which 

explained that why AT600 with the pore size of 1.94 nm shows the highest capacitance 

although its BET surface area is only 1910 m2 g–1. Capacitance is higher for a sample 

with wider micropore size distribution than for a sample with higher surface area but too 

narrow micropore size distribution. Both samples AT600 and AT500 have a similar BET 

surface area, whereas the capacitance of sample AT600 is much higher than AT500. This 

different performance of both samples can only be explained considering their pore sizes. 

As given in Table 2–2, AT600 shows a wider micropore size than AT500, even though 

both samples were prepared by similar conditions. The result shows that the existence of 

a wider micropore size causes sample AT600 to have a higher capacitance, which fits to 
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the general trend obtained for the other ACs.  
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Figure 3–16 Correlations between pore size (≤2 nm) and capacitance 

The existence of a very small pore size makes the entry of the electrolyte into the 

pores difficult.9 Then, the non-accessible pores do not contribute to the total capacitance. 

Pores of ACs may be incompletely wetted and the small specific capacitance of the AC 

results from incomplete wetting of pore wall or perturbed double layer. It is believed that 

pores substantially larger than the size of the electrolyte ion (about 1 nm) and its 

solvation shell are required for high capacitance. Besides, when pore size is increased, 

the average distance between pore wall and the center of the ion (d) increases and then 

the capacitance decreases according to  

C= єA/d 

where A is the surface area, d is the separation between carbon and ions, and є is the local 
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dielectric constant of the electrolyte. If the pores become even 50% larger than the 

optimum pore size, there is still room for just one ion per pore, which should be oriented 

along the longest dimension of the pore. These results show the importance of the 

accessibility of narrow micropores to electrolytic solution. 
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Figure 3–17 Capacitance against current density 

To characterize the capacitive performance of AC derived from black liquor, Figure 

3–17 exemplifies the capacitance of the sample AT600 and CC in 0.5 M TEABF4/PC as 

a function of discharge current density. Comparing with CC, AT600 presents a higher 

capacitance of 41.4 F g–1 at a current density of 10 mA g–1. In general, the specific 

capacitance decreases gradually with increasing discharge current density due to large IR 

drop at a large discharge current density that leads to the small specific capacitance. 

Although the capacitance decreases slightly with increasing discharge current density, it 

can still remain as high as 36.8 F g–1 at a higher current density of 300 mA g–1. The good 
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performance of AC demonstrates that black liquor will be a promising electrode 

precursor for EDLC. 

3.4 Summaries 

ACs with high surface area and capacitance derived from black liquor have been 

prepared by a chemical activation process. The results obtained with ACs of very 

different surface areas (from 1360 up to 3090 m2 g–1) show that gravimetric capacitance 

approximately increases with BET surface area, reaching a maximum of 41.4 F g–1 for a 

surface area 1910 m2 g–1. In addition, the results indicate that micropores contribute to 

the EDLC, and confirm that capacitance not only depends on surface area, but also on 

pore size distribution. The important microporosity development in the chemically ACs 

prepared in the present work probably produces a mean micropore size wide (about 1.92 

nm) enough to allow the electrolyte access inside the porosity. Besides, the amount of 

activating agent used in this study was extremely economized comparing with previous 

researches.23–24 Accordingly, this study just provides an effective approach to carry out 

the value-added utilization of black liquor. 
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Chapter 4 Conclusions 

High surface area ACs were prepared from chemical activation of black liquor with 

KOH, NaOH and K2CO3. Black liquor was found to be a good raw material for 

developing ACs with favorable pore characteristics. The results obtained with ACs of 

very different surface areas (from 1360 up to 3090 m2 g–1) show that the porosity of ACs 

is highly dependent on the preparation conditions, such as carbonization temperature, 

activation temperature, holding time and chemical impregnation ratio. Under the 

experimental conditions studied, the best conditions for preparing ACs with high surface 

area and pore volume are a carbonization temperature of 600 oC, an activation 

temperature of 900 oC, and an impregnation ratio of 2 (KOH to char). With these 

experimental conditions, an AC with a BET surface area of 3089 m2 g–1 and a total pore 

volume of 1.76 cm3 g–1 was obtained. Furthermore, the optimal impregnation ratio of 2 is 

much lower than those recommended in the literature. Too high of an impregnation ratio 

results in the burn-off of carbon structures and widening of the micropores. The amount 

of activating agent used in this study was extremely economized compared with previous 

studies. Accordingly, black liquor has been demonstrated to be an excellent and low-cost 

candidate for manufacturing ACs with favorable pore characteristics.  

Besides, the results show that gravimetric capacitance approximately increases with 

surface area, reaching a maximum of 41.4 F g–1 for a surface area 1910 m2 g–1. In 

addition, the results indicate that micropores contribute to the EDLC, and confirm that 
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capacitance not only depends on surface area, but also on pore size distribution. The 

important microporosity development in the chemically ACs prepared in the present 

work probably produces a mean micropore size wide (about 1.92 nm) enough to allow 

the electrolyte access inside the porosity. The volumetric capacitance don’t show a clear 

relationship with surface area, but also larger than the value of CC. Accordingly, this 

study just provides an effective approach to carry out the value-added utilization of black 

liquor. 
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Figure 3-18 Correlations between pore size (>2 nm) and capacitance 
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