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摘要 

 隨著科技日新月異，電子廢棄物回收成為刻不容緩的議題。眾多解決方案中，

以生質廢棄物回收電子垃圾為較環境友善的辦法。木質素磺酸鹽是近來廣受歡迎

的生質廢棄物。每年，全球造紙業產生上萬噸的木質素磺酸鹽，其豐富的碳含量，

具備作高值化利用的潛能。 

 此研究分為兩部分：木質素磺酸鹽活性碳纖維研發、以及木質素活性碳纖維

金屬離子吸附研究。第一部份利用靜電紡絲法紡織木質素纖維膜，接著以二氧化

碳進行物理活化，產出木質素活性碳纖維。進一步以物理及化學方法分析材料特

性，以選擇材料最佳活化時間。材料結構由電子掃描顯微鏡（Scanning electron 

microscope, SEM）以及比表面積與孔徑分佈儀進行檢測。材料表面性質由元素分

析儀、X 射線光電子能譜儀（X-Ray Photoelectron Spectroscopy, XPS）、傅立葉轉

換紅外光譜儀（Fourier Transform Infrared Spectroscopy, FTIR）、拉曼光譜儀

（Raman Spectroscopy）進行分析。 

 第二部分利用第一部分最佳條件之木質素活性碳纖維，分別以批次法吸附二

價銅離子、三價金離子。由於銅、金離子為電子廢棄物中含量、價值較高之金屬，

故選擇其作為吸附對象。吸附行為主要由三個角度分析：不同金屬離子濃度對材

料吸附量之影響（吸附等溫線）、不同金屬離子溶液酸鹼值對材料吸附量之影響、

不同吸附時間對吸附量之影響（吸附動力學）。並進一步以不同等溫線模型、動

力學模型擬合實驗數據，由赤池信息量準則（Akaike Information Criterion, AIC）

選擇較佳模型。此外，亦由金屬離子脫附試驗評估木質素磺酸鹽活性碳纖維之重

複利用性。 

 分析結果顯示，經 60分鐘活化之木質素磺酸鹽活性碳纖維具較高比表面積、

微孔體積，及較多酸性官能基，故有潛力成為較佳金屬離子吸附劑。根據吸附行

為研究，銅離子與金離子之吸附機制皆為物理、化學吸附混合，其中，金離子吸
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附較傾向於化學吸附。此外，吸/脫附試驗顯示，木質素磺酸鹽活性碳纖維在三輪

吸脫附循環後，仍具備吸附銅、金離子之效能。整體而言，此研究開拓物理活化

木質素磺酸鹽活性碳纖維與其回收有價值金屬離子之應用。 

 

關鍵詞：木質素磺酸鹽、活性碳纖維、靜電紡絲法、物理活化、金屬離子、吸附

機制  
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Abstract 

Living in an electronic-dominated world, e-wastes have become an urgent problem. 

From an environment point of view, an effective solution would be leveraging 

renewable source, preferably another type of wastes, to recycle these metals. One waste 

that is easy to deal with is lignosulfonate. Tons of them were produced as byproduct by 

the pulp industry every year. As a carbon-rich polymer, it is worth the attention for a 

higher-value investment. 

The research is divided into two parts, including the development of lignosulfonate 

activated carbon fiber (LACF) and its metal recovery behavior. LACF was developed 

through the electrospinning technique, followed by a series of CO2-based physical 

activation. Physical and chemical characterization were implemented to find the 

optimized activation time for developing LACF. For the material structure, scanning 

electron microscope (SEM) and specific surface area and pore size distribution analyzer 

were utilized. In terms of the surface properties, elemental analysis, X-Ray 

Photoelectron Spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR), 

and Raman Spectroscopy were applied.  

Throughout the second part of the study, the adsorption behavior of Cu(II) and 

Au(III) metal ions were respectively tested with batch methods on the lab-made LACF. 

The metal ions were chosen for their larger amount and higher value. Examinations 

included the adsorption capacity change according to various adsorbate concentrations, 

adsorbate pH environment, and adsorption equilibrium time. In order to explore the 

adsorption mechanism, isotherm and kinetic modeling were performed, and the Akaike 

Information Criterion (AIC) was implemented to choose the better model. Further, 

desorption tests were executed to evaluate the reusability of LACF.   
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It was observed that LACF with a 60-min activation treatment possessed a higher 

specific surface area, micropore ratio, and more acidic functional groups, which 

potentially made it a better candidate for metal-ion adsorption. According to the 

adsorption behavior study, both Cu(II) and Au(III) ions were adsorbed onto LACF with 

a mix of physi- and chemisorption, while the latter was more inclined to chemisorption. 

Furthermore, the LACF could recover these two metal ions after 3 adsorption-

desorption cycles. Overall, this study paves the way for physically activated 

lignosulfonate carbon and its application in recovering valuable metal ions. 

 

Keywords: lignosulfonate, activated carbon fiber, electrospinning, physical activation, 

metal ion, adsorption mechanism   
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Chapter 1: Introduction 

Motivated by the need of finding alternatives for petroleum products, recently 

more interests have been drawn to biowaste-based product development. Lignin, as the 

second most abundant macromolecule (next to cellulose) in nature, has thus become a 

popular raw material for applications in activated carbon production, adhesive, or 

tanning agent [1,2]. Large amount of lignin is readily available thanks to the paper and 

pulp industry, but much of it is burnt as energy, and only 1-2% of the technical lignin 

is used in non-fuel high-value applications [1]. 

Lignin is composed of more than 60% carbon content. A large ratio of the structure 

consists of aromatic rings, resembling that of activated carbon [1,2]. Therefore, among 

all applications, substituting for current petroleum precursor in activated carbon 

production should be promising. Technical lignin includes kraft lignin, lignosulfonate 

and organosolve lignin [3], among which, kraft lignin is mostly used in past studies, 

and lignosulfonate on the other hand, has not been adequately explored [1]. However, 

millions of tons of lignosulfonates are produced each year as dry solids [1]. It contains 

sulfur groups, which can be beneficial to metal ion adsorption[4,5], and is hydrophilic, 

increasing ease of further processing. With large quantity and favorable structures, 

lignosulfonate has the potential to be transformed into effective carbon adsorbents.     

One of the emerging applications of carbon adsorbent is recovering electronic 

waste (e-wastes). As technology advances, over the past five years, electronic waste 

accumulation within a year has doubled, climbing from approximately 20 to 40 million 

tons per year globally, and is estimated to exceed 50 million tons by 2021 [6]. According 

to the Environmental Protection Agency (EPA), only 15-20% of e-waste is recycled, 

and the rest is transported to developing country for disposal, leading to serious 

environment, human health problems, and economic loss [6]. While these e-wastes are 
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malfunctioned, the heavy and precious metals within are valuable. Averagely, around 

40% of an e-waste is composed of metals, along with a mixture of plastics and glass 

[6]. A report from world economic forum shows that the total value of these metals can 

reach 62.5 billion USD, which is three times more than the output of world’s silver 

mines [7]. If the e-wastes are recovered and return to the industry, it can not only 

contribute to the circular economy, but benefit the environment.  

Currently, the more environmental-friendly method for recycling e-wastes is 

hydrometallurgy [6]. It consists of two main steps, chemical leaching followed by metal 

recovery. Activated carbon adsorption contributes to the second step, during which 

metal ions can precipitate on the surface, and recover through desorption. Among all 

other precipitation methods, such as ion exchange, cementation, and solvent extraction, 

activated carbon stands out as it requires fewest chemicals; hence, more sustainable.  

With a view to leveraging wastes to recover wastes, this research focused on 

developing lignosulfonate-based activated carbon, and further tested its ability to 

recover metal ions. To be more specific, among all forms of activated carbon, fiber form 

was chosen. Comparing to common granular activated carbons, who have ladder-like 

structures, and adsorbates need to pass through macropores before entering smaller 

pores, activated carbon fibers possess faster adsorption rate [8,9]. Their meso- and 

micropores are readily exposed to the surface of the fibers. Another advantage is that, 

powder and granular forms are difficult to recycle, while fiber mat is easy for handling 

[9].     

Built on previous researches [10,11], this study used electrospinning technique and 

2-step carbon dioxide activation method to develop lignosulfonate-activated carbon 

fiber (LACF). Physical and chemical characterizations were done to evaluate LACF’s 

morphology, pore structure, and surface properties. After feature verification, the 
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optimized sample was chosen for metal recovery tests. The metal adsorption 

mechanism was studied through modeling, and metal ion desorption was further 

implemented to examine LACF’s regeneration capability. 
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Chapter 2: Background and Literature Review 

2.1 Introduction of Lignosulfonate 

Lignosulfonate is one of the byproducts from pulp industry. It is extracted from 

the sulfite pulping process, during which the sulfur dioxide (SO2) is mixed with an 

alkaline solution to create the raw liquor for cooking wood. This process introduce the 

sulfonate group (SO3
-) onto the lignin structure to replace the hydroxyl group, resulting 

in its solubility feature [12]. As a lignin-type material, it also contains rich carbon 

content.  

Each year, approximately 1.8 million tons of lignosulfonate are produced, which 

accounts for 90% of the total commercial lignin market [13]. Currently, most common 

applications for lignosulfonates include animal feed, pesticides, surfactants, additives 

in oil drilling, stabilizers in colloidal suspensions, and as plasticizers in concrete 

admixtures [13]. As the structure in Figure 1 shows [14], it contains rich carbon content, 

and has the aromatic structure that is similar to activated carbon. Therefore, besides the 

usages mentioned above, its application in activated carbon production is worth more 

attention.  

In the past, the difficulty for dealing with lignosulfonate as an activated carbon 

precursor stems from its hydrophilicity feature. In this study, hydrophilicity on the other 

hand, is the characteristic that assists with the production. To knit a fiber cloth precursor, 

electrospinning technique was implemented, during which, lignosulfonate could easily 

blend with polymers and evenly disperse in dH2O for the electrospinning solution 

preparation, leading to a clean process.  
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Figure 1. Hardwood lignosulfonate chemical structure (modified from [14]) 

2.2 Production of Electrospun Lignosulfonate Activated Carbon Fiber (LACF) 

2.2.1 Electrospinning 

2.2.1.1 Basics 

As Figure 2 shows, an electrospinning device consists of three fundamental 

components: a high voltage supplier, a capillary tube or syringe with a pipette or needle 

of small diameter, and a grounded metal collector [15]. First, most polymers would be 

dissolved in solvents before electrospinning, and when completely dissolves, forms 

polymer solution, which would then be introduced into a syringe. Second, the syringe 

is put onto a syringe pump, and parameters are adjusted depending on different uses. 

Third, the distance from the needle tip to the collector is altered to 10-25 cm in 

laboratory systems. Fourth, the voltage supplier is connected to the needle tip of the 

syringe. After all settings are done, a DC voltage in the range of 100-500 kV𝑚𝑚−1 is 
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applied [16,17]. Then, under room temperature and appropriate atmosphere conditions, 

electrospinning is conducted. 

 

Figure 2. Basic electrospinning setup [15] 

In the process, at the tip of a syringe, a polymer solution is held by its surface 

tension, and it is subjected to an electric field. This electric field induces an electric 

charge on the liquid surface. When the electric field reaches a critical value, the 

repulsive electrical forces overcome the surface tension forces. As a result, a charged 

jet of the solution is ejected from the tip of the Taylor cone, an unstable and a rapid 

whipping of the jet occurs in the space between the tip and collector which leads to 

evaporation of the solvent, leaving a polymer behind. The jet is only stable at the tip, 

which results in nonwoven fibers at the collector [17–19]. 

2.2.1.2 Parameters investigation 
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During electrospinning process, there are many factors that may influence the 

morphology of the fibers. Those parameters can be categorized into three groups, 

solution parameters, processing parameters, and ambient parameters. 

Solution Parameters 

Concentration 

To form fibers, a minimum polymer solution concentration is required. At a low 

solution concentration, a mixture of beads and fibers is obtained. When the 

concentration increases, viscosity resistance raises as well [20–24] ; therefore, the beads 

transform to spindle-like, and finally form uniform fibers [25]. However, if the 

concentration is too high, it is impossible to form continuous fibers, because the flow 

of the solution at the tip of the needle cannot be maintained. Thus, high concentration 

will result in larger and discontinuous fibers [26]. 

 

Figure 3. SEM photographs of electrospun nanofibers from different polymer 

concentration solutions [25] 
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Molecular weight 

A polymer solution with low molecular weight tends to form beads instead of 

fibers, while that with high molecular weight contributes to fibers with larger average 

diameters. Reasons are that molecular weight of the polymer reflects the number of 

entanglements of polymer chains in a solution, thus solution viscosity, which affects 

fibers’ morphology. Chain entanglements provide interchain connectivity, which is 

significant to electrospinning, and make it possible for low polymer concentration to 

generate nanofibers [27]. Besides, sufficient intermolecular interactions can substitute 

for the interchain connectivity; hence, a polymer solution without high molecular 

weights but adequate intermolecular interactions can still fabricate nanofibers through 

electrospinning [28,29]. 

Viscosity 

Concentration, molecular weight and viscosity correlate with each other, 

accordingly they have similar effects on the morphology of fibers. It has been 

discovered that solution with very low viscosity cannot form continuous fiber, as 

viscosity increases, it can form fibers with more uniform and larger diameter [20]. 

Nevertheless, extremely high viscosity solutions also have difficulties fabricating fibers, 

because they usually exhibit longer stress relaxation times, which prevent them from 

ejecting jets [17]. It is reported that the maximum spinning viscosities range from 1 to 

215 poise, and each polymer has its own specific optimal viscosity, which consequently 

helps produce continuous fibers [30–33]. 

Surface tension 
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Surface tension more likely depends on the solvent compositions of the solution. 

The formation of droplets, bead, and fibers relies on the surface tension of solution, and 

a lower surface tension of the solution allows electrospinning to happen at a lower 

electric field, what’s more, beads-free fibers can be obtained [24]. High surface tension, 

on the other hand, generally inhibits the electrospinning process due to instability of the 

jets and the generation of sprayed droplets [34]. Nonetheless, low surface tension of a 

solvent is not always suitable for electrospinning, only when other variables are held 

constant can it be the key factor that determines whether electrospinning succeeds or 

not [25,35,36]. 

Conductivity 

Polymer type, solvent used and the availability of ionisable salts mainly determine 

the solution conductivity. It has been discovered that solutions with low conductivity 

brings about insufficient elongation of a jet by electrical force, which cause the failure 

of producing uniform fibers, and beads may be observed as well. On the other hand, if 

the conductivity increases, the diameter of the fibers decreases and beads-free fiber is 

obtained; yet, when electric fields are strong at the same time, it will cause dramatic 

bending instability and a wide distribution of fiber diameter [17,37]. Bending instability 

describes a phenomenon that the jet does not move along with one axis, instead, it bends 

in a different direction, as Figure 4 shows [38]. If the solution conductivity is not 

sufficient, adding ionic salts such as KH2PO4, NaH2PO4, NaCl can help solve the 

problem and eventually acquire smaller-diameter and beadless fiber [39]. Aside from 

fiber morphology, electrical conductivity also influences jet radius: jet radius varied 

inversely with the cube root of the electrical conductivity. 
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Figure 4. An electrospinning jet that contained three successive electrical bending 

instabilities [38] 

Processing Parameters 

Applied voltage 

Applied voltage along with electric field induce the necessary charges on the 

solution which is necessary for initiating the electrospinning process and fiber 

formation, so only after attaining the threshold voltage do fiber fabricate [17]. The 

impact of applied voltage, however, is disputable. Some have shown that it has little 

effect on the morphology of the electrospun fiber [40], others have proposed that under 

higher voltages, more polymer ejected and larger diameter fiber formed [35,41], still 

others have suggested that an increase of applied voltage led to greater electrostatic 

repulsive force on the fluid jet or the greater stretching of the solution which ultimately 

favor the smaller diameter fiber [42–44]. 

Some researchers have found that, it is the applied electric field that influences 

fiber’s diameter, which means that except for applied voltage, polymer concentration 
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and the distance between the tip and the collector need to be considered as well. Fiber 

diameter decreases with the increase of the applied electric field [45]. In addition to 

fiber diameter, there’s a greater probability of beads formation in the presence of high 

voltage [20].  

Flow rate 

The flow rate of the polymer solution from the syringe has impacts on the jet 

velocity and the material transfer rate [17]. Lower flow rate is more desirable because 

the solvent will then have enough time to evaporate; however, there exists a minimum 

value that allows the fiber to form [46]. As the flow rate raises, the fiber diameter and 

the pore diameter increases, what’s more, high flow rates contribute to beaded fibers 

due to the lack of proper drying time before polymers reach the collector [46–49]. 

Type of collectors 

Traditionally, an aluminum foil is used as a collector, but because of the difficulty 

in transferring the collected fibers, and as the needs for aligned fibers in various 

applications raise, more collectors have been developed. Following are several 

techniques that have been attempted to align electrospun nanofibers: a cylinder 

collector with high rotating speed [50,51], an auxiliary electrode/electrical field [52], 

and a thin wheel with sharp edge [53].  

Researchers suggested that rotating a cylinder collector (Figure 5) at a very high 

speed up to thousands of rpm (round per min), electrospun nanofibers could be more or 

less oriented. The detailed mechanism was hypothesized as the following: when a linear 

speed of the rotating cylinder surface and the disposition rate of evaporated jet matches 

with each other, the fibers adhere on the surface of the cylinder in a circumferential 
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manner, and thus create a fair alignment in the end. Such speed is called “alignment 

speed”. On the other hand, if the surface speed of the cylinder is slower than the 

alignment speed, fibers will randomly deposit on the collector. In this method, there are 

still possibilities that orderless fibers are produced, reasons are that, motions of polymer 

jets are irregular and uncontrollable [50,51,54]. 

 

Figure 5. A schematic rotating collector for electrospun ultrafine fibers [54] 

An auxiliary electrode/electrical field is an approach originally designed to 

fabricate tubular products for blood vessel prosthesis, urinary and bile duct applications. 

The feature of this invention is that, only by employing an auxiliary electrical field, the 

deposited fibers can be circumferentially oriented substantially (Figure 6) [52]. 

 

Figure 6. Aligning electrospun fibers with an auxiliary electrical field [52] 
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A thin wheel with sharp edge is a method to position and align nanofibers on a 

disk collector. The tip-like edge significantly concentrates the electrical field so that the 

spun nanofibers are mostly attracted to, which also allow them to be continuously 

wound on the edge of the rotating wheel. The mechanism is that, before reaching the 

electrically grounded collector, the nanofibers retain sufficient residual charges to repel 

each other, which influences the morphology of fiber depositions. As a result, once a 

nanofiber is attached to the wheel tip, it will exert a repulsive force on the next fiber 

attracted to the tip. The repulsion leads to a separation between the deposited nanofibers 

(Figure 7) [53,54].  

 
Figure 7. A set-up for thin-wheel electrospinning [53] 

Tip to collector distance 

The solvent evaporates between the distances between the tip to collector, and 

therefore, a minimum distance is required to offer fibers enough time to dry. If the 

distances are either too close or too far, beads will be observed [55–57]. Due to the 

factor that the influence of this parameter depends greatly on the speed that a solvent 
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evaporates, the optimum distance varies from different situation. Some have found that 

shorter distances will yield smaller fibers [36], while others have reported that closer 

distances will lead to flatter fibers [32]. 

Ambient Parameters 

Humidity 

As environment humidity increases, small circular pores will appear on the surface 

of the electrospun fibers, and further, increasing the humidity leads to the pores to fuse 

together and become bigger ones [58]. At an extremely low humidity, a volatile solvent 

may dry rapidly. Sometimes the evaporation rate is much faster than the removal rate 

of the solvent from the tip, which would cause a problem to electrospinning. Eventually, 

the electrospinning process may only be carried out for a few minutes before the needle 

tip is clogged [30]. As for high humidity, it has been reported to help the discharge of 

the electrospun fibers [59,60]. 

Temperature 

There is an inverse relationship between viscosity and ambient temperature [17]. 

Studies have shown that as environment temperature increases, the fiber diameter 

decreases, and the attribution is the decreasing polymer solution viscosity as the 

temperature increases [61]. 

2.2.2 Pre-oxidation (Thermal stabilization) 

Pre-oxidation is also known as the thermal stabilization process for an activated 

carbon precursor, which can increase the product yield rate [11,62]. Parameters such as 

heating rate, time, and temperature vary from different kinds of precursors. Lignin-type 
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material is said to be have the optimized condition when the heating rate is 1 ℃/min or 

slower [11,63,64]. A successful pre-oxidation helps stabilized the fiber cloth by 

transforming the structure from thermoplastic to thermostatic, and prevent the fibers 

from melting, fusing, degrading or decomposing rapidly at high temperatures [64]. To 

be more specific, for cellulosic precursors, the whole process includes four stages [65]: 

(1) Stage I: Under 25-150 ℃ range, physical desorption happens to get rid of 12 % 

adsorbed water, accompanying by a small change in the lateral order (i.e. the 

side-by-side packing of the molecules within a linear polymer. 

(2) Stage II: At 150-240 ℃, -H and -OH fragments within the cellulose (or lignin) 

unit are dehydrated. From past IR result, -C=O and C-C cleavage are also 

involved, and thus during this stage, the dehydration is intramolecular (i.e. 

exists within the molecule). 

(3) Stage III: when temperature climbs to 240-400 ℃, more -C=O and C-C bonds 

break, and slower linkages through radical reactions happen (i.e. cross-linking). 

During this process, large amounts of tar, H2O, CO, and CO2 are created.  

(4) Stage IV: Beyond 400 ℃, each cellulose unit breaks into a residual that consists 

of carbon atoms, which then polymerize through condensation reactions 

involving the removal of -H and transform into a graphite-like structure.  

Usually, pre-oxidation is defined as the heat treatment with oxygen under 300 

℃ [11]. Therefore, during the process, stage 3 is possibly only partially completed. The 

transformation will continue in the next carbonization session.  

2.2.3 Carbonization 

Carbonization is also known as pyrolysis. It is usually executed under an inert 

environment with high temperature, which can go up to 700 – 1100 ℃, and may not 

exceed 1300 ℃ [64]. Due to the fact that, as the treated temperature increases, the 
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carbon fiber will transform into a highly graphite structure, comparing to less graphitic 

structure, the former one has fewer reactive carbons on the edges, which will hinder the 

later activation process, making it difficult to create highly porous ACFs [64]. 

As mentioned in the previous stage, during carbonization, above 400 ℃, the fiber 

will continue to complete stage III and IV to arrange into the crystalized graphite 

structure. During the whole process, the weight loss varies between 40 – 70%, 

depending on the composition [12]. At stage I and II, the weight loss results from the 

evaporation of moisture, while in stage III, where the main loss happens, is attributed 

to the generation of volatile gas. After carbonization, activation is done to create a 

porous structure.        

2.2.4 Physical Activation 

Activation methods include chemical activation and physical activation. Most 

common activation reagents for chemical activation are: phosphoric acid (H3PO4), zinc 

chloride (ZnCl2), and potassium hydroxide (KOH) [64]. Although chemical activation 

leads to higher activated carbon yield rate, it has a higher environmental cost, and the 

wasted reagents are more expensive to deal with. Out of sustainability concern, in this 

study, physical activation is focused.  

For physical activation, two popular ones are CO2, and H2O. During the physical 

activation processes with these two gases, as Figure 8 and Figure 9 show, carbon 

monoxide and hydrogen are generated. For both reagents, in the reversible reactions, 

the forward reaction is much faster (more than 100 times), and hence, when the 

concentration of CO and H2 climb, it has an inhibiting effect on the forward reaction, 

which helps to control the gasification and further porosity development [64].  
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Figure 8. H2O activation reactions (modified from [64])  

 

Figure 9. CO2 activation reactions (modified from [64]) 

 The carbon atoms on the surface have different reactivity depend on whether 

localized at the edges or the basal plane. These at the edges are usually more reactive. 

Except for constructing porosity, during activation, the carbon atoms also complexate 

with oxygen atoms, formulating oxygen-containing groups, while some of them are 

stable enough to stay until the end, some of them are broken down, leaving the 

unsaturated carbon atoms for further activation with the gas reagents [64].     

If the carbonized sample used for activation contains inorganic impurities, some 

of them can act as gasification catalysts, and help construct mesopores. Examples such 

as salts, oxides, and metals of the series of alkali metals, alkali earth metals, and 

transition metals. A proposed mechanism of H2O(g) activating samples consisting of 

metal catalysts are shown in Figure 10 [64]. In these cases, H2O tends to get contact 

with metal ions; then, the metals act as the oxygen carrier to further react with the 

carbon atoms. As mentioned before, some of the C(O) remain until the end of the 

activation, for those who does not last long, they are peeled off as carbon monoxide, 

leaving reactive carbon atoms behind for further activation.  
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Figure 10. H2O activation in presence of metal catalysts (modified from [64]) 

 At the same activation temperature, comparing between CO2 and H2O activation, 

the former is slower than the latter. However, because of the slower reaction, CO2 can 

construct better microporous structure [64]. For a richer pore structure, CO2 is chosen 

for this study.  

2.3 Adsorption mechanism 

2.3.1 Physical adsorption (Physisorption) 

Physical adsorption happens when an adsorbable gas contacts the surface of a solid. 

In this phenomenon, the gas is considered as the adsorptive (or adsorbate), while the 

solid is called the adsorbent [66]. Forces account for physisorption are van-der Walls 

forces, including long-range London dispersion forces and short-range intermolecular 

repulsion. Combination of these forces lead to the nonspecific, zero-chemical-bond 

molecular interactions [66]. Among porous materials, physisorption depends on three 

main factors, fluid-wall interactions, fluid-fluid interactions, and the effects that 

confined pore space has on fluids’ state and thermodynamic stability amid narrow pores. 

The influences altogether govern the shape or type of the adsorption isotherm [66].  

The adsorption isotherm depicts how the adsorbed gas amount change according 

to different relative pressure under a constant temperature. The most common methods 

to acquire the adsorption isotherms are volumetric (manometric) and gravimetric 

method. The gravimetric method contains a balance design used to measure the 

adsorption amount and the equilibrium pressure on the pressure sensor. It is mostly used 
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for adsorption that happens near room temperature. As for the volumetric method, with 

the adsorbent and gas amount in the dead space, the difference of the total gas amount 

induced to the sample cell can be specified, and therefore the adsorbed amount can be 

calculated. It is commonly measured with the adsorption of nitrogen, argon, and 

krypton at cryogenic temperatures, and CO2 at 273 K, which are also widely used for 

surface area and pore-size characterization. In practical use, nitrogen at 77 K, argon at 

87 K are popular methods for mesoporous materials, while carbon-dioxide at 273 K is 

more proper for microporous materials [67].  

 

Figure 11. Classification of physisorption isotherms [68] 

According to the International Union of Pure and Applied Chemistry (IUPAC), the 

newest classification of physisorption isotherms is shown in Figure 11 [68]. From the 

isotherm type, the main pore width of a specific material can be determined. IUPAC 

categorizes pore width into three groups: macropores are pores with widths exceeding 

about 50 nm; mesopores have pore widths between 2 nm and 50 nm; micropores mean 

that pores have widths less than about 2 nm [69].  

Type 1 isotherms result from microporous solids that have small external surfaces, 

such as some activated carbons, molecular sieve zeolites, and several porous oxides. A 

steep rise at a low relative pressure is caused by enhanced adsorbent-adsorptive 
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interactions in narrow micropores, which result in micropore filling. And the limit 

adsorption amount is due to accessible micropore volume. As for the difference between 

Type I(a) and Type I(b) isotherms, the former indicate microporous materials with 

mainly narrow micropores (width < ~1 nm), and the latter are generated by materials 

possessing broader pore size distributions, from wider micropores to narrow mesopores 

(< ~ 2.5 nm) [68].  

Type II isotherms result from most macroporous materials. Due to unlimited 

monolayer-multilayer adsorption, the branch rises abruptly at high relative pressure. 

The knee of the curve, where the arrow points to, is marked as Point B, and it is defined 

when the shape bends sharply. It usually matches the time when monolayer coverage 

completes, and multilayer adsorption initiates. If the curve arcs more smoothly, where 

Point B is less distinguishing, it suggests that monolayer coverage completion 

significantly overlaps with the initiation of multilayer adsorption. When relative 

pressure approaches 1, the thickness of the adsorbed multilayer typically occurs to 

increase infinitely [68]. 

Type III isotherms result from nonporous or macroporous solids. There is no Point 

B, which indicates no recognizable monolayer formation. On the surface of this kind of 

solid, the adsorbent-adsorbate interactions are weak and adsorbed molecules gather 

around most favorable sites. Comparing to Type II, the adsorbed gas amount is finite 

when relative pressure reaches 1 [68]. 

Type IV isotherms result from mesoporous adsorbents. In the beginning of the plot, 

it reflects the initial monolayer-multilayer adsorption on the mesopore walls. The next 

stage suggests pore condensation occurs, which is a phenomenon when a gas condenses 

to a liquid-like phase in a pore before the bulk liquid’s saturation pressure. 

Characteristically, Type IV isotherms possess a final saturation plateau, and the length 
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varies. The main difference between the subtypes is hysteresis. Type IV(a) shows the 

hysteresis because of capillary condensation. It happens when the pore width exceeds 

a specific critical width, which varies according to adsorption system and temperature. 

For example, nitrogen (77 K) and argon (87 K) adsorption in cylindrical pores, 

hysteresis starts if pores are wider than ~ 4 nm. In cases where adsorbents have smaller-

width mesopores, or have conical and cylindrical mesopores with closed tapered end, a 

Type IV(b) isotherm is noted [68]. 

Type V isotherms result from water adsorption on hydrophobic microporous and 

mesoporous adsorbents. At low relative pressure, the shape is similar to that of Type III, 

which also credits for weak adsorbent-adsorbate interactions, and molecules cluster at 

favorable sites. At higher relative pressure, pore filling occurs [68]. 

Type VI isotherms result from uniform nonporous surfaces. The reversible 

stepwise shape attributes to the layer-by-layer adsorption on this kind of material. The 

step-height indicates the capacity for each adsorbed layer, and the sharpness for each 

step varies between different systems and temperatures [68]. 

Within some types of physisorption isotherms, there are hysteresis loops. The form 

of hysteresis results from delayed condensation, which is caused by the metastability 

of the adsorbed multilayer and/or network effects [68]. Thus, from the type of hysteresis 

loops, it is possible to further conclude the pore shape and structure of a specific 

material.  
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Figure 12. Classification of hysteresis loops [68] 

Based on the recent classification from IUPAC, hysteresis loops types are shown 

in figure 2. Type H1 loop is discovered in materials that have a narrow range of uniform 

mesopores. The steep and narrow loop indicates delayed condensation, but network 

effects are usually trivial. Despite that, this type of loop has still been found in materials 

with networks of ink-bottle pores, where the neck width distribution resembles the 

pore/cavity width distribution [68]. 

Type H2 loops result from more complex pore structures, where network effects 

play a crucial role. H2(a) type has a very steep desorption branch, which is due to pore-

blocking/percolation between narrow-range pore necks or to cavitation-induced 

evaporation. H2(b) type is related with pore blocking as well, but the neck width size 

distribution is rather wider [68]. 

Type H3 loops result from non-rigid aggregates of plate-like particles, such as 

certain clays, and as well as materials that possess pore networks consist of macropores 

with incomplete pore condensate filling. The adsorption branch is similar to a Type II 
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isotherm, while the desorption branch usually has a lower limit at the cavitation-induced 

relative pressure [68]. 

Type H4 loops result from narrow-slit-like pores, such as aggregated crystals of 

zeolites, several mesoporous zeolites, and miso-mesoporous carbons. The adsorption 

branch is a combination of Type I and Type II isotherms, which shows an obvious gas 

adsorption at a low relative pressure, indicating the micropore-filling phenomenon [68]. 

The physisorption above is often applied to measurement of materials’ specific 

surface area and pore structure. As for physical adsorption in the metal ion adsorption 

field, it’s another story. 

For metal ion adsorption, physisorption mechanisms include van der Waals force, 

electrostatic forces [70]. Adsorbing through van der Waals force meaning that between 

adsorbates and adsorbents, there is no electron exchange, and the attraction is due to 

intermolecular attraction, which is a weak bond. In the case of metal-ion adsorption, 

adsorbates are adsorbed onto adsorbents when the pore size on the adsorbent has a 

similar scale as the adsorbates.  

Electrostatic force simply means that the adsorption is based on coulomb principle. 

Therefore, metal ions are attracted to the adsorbent surface that carries the opposite 

charge. For activated carbons, according to the solution environment, below point of 

zero charge, positive charges are observed on the surface. Under such environment, it 

performs better at adsorbing hydrated metal ions that carry negative charges. On the 

other hand, after the point of zero charge, activated carbon carries negative charges, 

which make it a better adsorbent for negative hydrated metal ions [71].   

2.3.2 Chemical adsorption (Chemisorption) 
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Chemisorption include ion exchange, complexation, and microprecipitation 

[70,72]. The surface of LACF consists of oxygen-functional groups and pi electrons, 

which are the places where chemisorption happens. For ion exchange, it happens when 

LACF exchanges -H on functional groups such as carboxylic acid with metal ions, 

allowing the construction of bond -COOM, where M indicates a metal ion. At places 

where the functional groups already lost the protons; then metal ions may directly 

chelate with the oxygen atoms. Microprecipitation mainly exists when the adsorbed 

metal ion is easily reduced, and it usually happens at the basal plane, where pi electrons 

are rich. The reaction is sometimes irreversible as the bond is too strong [72].  
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Chapter 3: Materials and Methods 

3.1 Materials  

Hardwood lignosulfonic acid sodium salt (HLS, MW ≈ 8,000 g/mol) from 

Borregaard, Sarpsborg, Norway, and poly(ethylene oxide) (PEO, MW = 600,000 g/mol) 

from Acros, Livingston, NJ, USA were used to produce the lignosulfonate activated 

carbon fiber (LACF). All of the chemicals were used as received. 

3.2 Methods 

3.2.1 LACF Production 

3.2.1.1 Electrospinning 

Precursors for the LACF were HLS-PEO mixtures, which were prepared by the 

following steps: mixing HLS and PEO powder (HLS:PEO = 95:5 wt%) with vortex 

first; then dissolve the powders in deionized water under room temperature with a 

magnetic stirrer to generate a 20 wt% solution. The stirring speed was set to 100 rpm, 

and continuously stirred for 10 h. PEO and lignosulfonate are both polymers, they 

undergo shear-thinning as stirring time and speed increase. Thus, controlling these two 

parameters are important for preparing electrospinning solutions. 

The apparatus was similar as those shown in the preliminary study [10]. The HLS 

solution was loaded into a 25 mL syringe, and charged at 15 kV DC power (EL50P0, 

Glassman High Voltage Inc., High Bridge, NJ, USA). The flow rate, syringe-to-

collector distance, collector rotating rate, and needle gauge were set to 0.03 mL/min, 
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15 cm, 250 rpm, and 15 G, respectively. The electrospun HLS fibers were collected on 

a drum collector to form fiber mats. The whole set and the electrospun ligninosulfonate-

based fiber are shown in Figure 13. 

 

Figure 13. (a) electrospinning apparatus; (b) fabricated lignosulfonate fiber mat 

3.2.1.2 Pre-oxidation, Carbonization and Activation 

In this study, the LACF was fabricated through pre-oxidation in air, and a two-step 

carbonization/activation process as described in the preliminary research [10]. 

The pre-oxidation process was executed according to the following description－

the fiber mat was heated to 100 °C at a rate of 1 °C/min, and hold for 30 min; then with 

the same rate, the temperature was raised to 300 °C, and hold for another 30 min; finally, 

it was cooled down to the room temperature. 

After pre-oxidation, the HLS fiber mat went through the two-step 

carbonization/activation procedure (Figure 14). Carbonization was conducted under N2 

environment. The temperature was first raised to 400 °C at a rate of 1 °C/min, and hold 

for 5 min; then the as-spun fiber mat was heated to 700 °C at a rate of 12 °C/min, and 

hold for 1 h, followed by cooling down to the room temperature. Regarding the second 
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step, the carbon fiber was directly heated to 800 °C at a rate of 12 °C/min. When the 

goal temperature was reached, the gas flow was switched to pure CO2, characterizing 

the starting point of activation, which continued for 30 min. At the end-point, the inlet 

gas was changed to N2 again, and the activated carbon fiber was then cooled down to 

the room temperature. 

 

Figure 14. Two-step carbonization/activation process 

3.2.2 Characterization of LACF 

When it comes to the adsorption ability of activated carbon fibers, several factors 

have been reported to be vital, including fiber morphology [73], specific surface area, 

pore size distribution, and surface chemistry [74–77]. 

3.2.2.1 Physical characterization 

Many models have been developed to explain the impacts of the porosity on 

adsorption. In 1995, Byrne and Marsh suggested a model for the highly defective 

carbonaceous structure derived from a cellulosic-type precursor. The model proposed 
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that the cage-like arrangements formed by defective graphene layers, when 

interconnected, created microporosity (molecular-sized spaces), which further resulted 

in intense dispersive forces within and can therefore assist an adsorption process 

(Figure 15) [73]. 

 

Figure 15. Possible highly defective carbonaceous structures [73] 

The specific surface area (SSA) provides the information of the amount of area 

accessible to adsorbates. Therefore, intuitively, larger SSA usually indicates that the 

material has a greater potential to perform effective adsorption [77]. 

As for pore size distribution, overall, comparing with powdered and granular 

activated carbons, fibrous activated carbon normally lacks macropores, and exhibit a 

rather monodispersed pore size distribution [74]. The pore size of an adsorbent is 

critical to adsorption efficiency in two ways. First of all, as pore size decreases, the 

adsorption strength increases. There are two reasons for the phenomenon, the contact 

points between the surface of adsorbent and adsorbate increases, and the adsorption 

potentials for each pore increases, because as micropore width inclines to less than 

about twice the adsorbate’s diameter, the adsorption potential for each opposing pore 

wall begins to overlap, merging into a larger value [74]. Secondly, it has been generally 
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accepted that an adsorbent is able to adsorb substances that have diameters of similar 

dimensions [78]. For example, Kadirvelu et al. [79] showed that metal ions with small 

diameter were more easily adsorbed onto micropores, while those with larger diameters 

(i.e. Pb(II)) were inclined to be adsorbed to mesopores. 

3.2.2.1.1 Scanning Electron Microscope (SEM) 

Fiber morphology was examined by a scanning electron microscope (SEM, 

HITACHI TM-1000, Tokyo, Japan). Before analysis, the sample was attached to an 

aluminum carrier with a sticker, and then sent into the chamber of the apparatus. The 

analysis started after the chamber was vacuumed. 

3.2.2.1.2 Weight Loss 

Weight loss was calculated by Equation 1. LPF stands for the product after pre-

oxidation, abbreviating from “Lignosulfonate Pre-oxidized Fiber” (i.e. the fiber cloth 

before activation). The numerator is the weight difference before and after activation, 

and the denominator is the weight before activation. Weight loss was used to evaluate 

the production efficiency, the more, the better.  

Weight Loss(%)= (WLPF-WLACF WLPF)×100⁄  Equation 1 

3.2.2.1.3 Specific Surface Area and Pore Size Distribution 

Specific surface area and pore-sized distribution were measured by surface area 

and pore size analyzer (NT2LX-1, NOVA touchTM, Quantachrome Instruments, 

Boynton Beach, Florida, USA). Before analysis, the LACFs were washed with 

deionized water for 10 min using ultrasonic atomizer to remove tars on the surface and 

dried in a vacuum oven at 60 °C for 12 h. After water wash, samples were degassed at 
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573.15 K for 12 h using N2 to eliminate impurities within the materials. When degas 

finished, analysis was followed by N2 (at 77 K) adsorption-desorption process. 

Specific surface area and pore size distribution were further calculated from the 

N2 isotherm. Brunauer-Emmett-Teller (BET) equation was used to obtain the specific 

surface area, specifically, it computes the isotherm data in the BET linear region, where 

the relative pressure P/P0 ranged from 0.05 to 0.3 [80]. Quenched Solid Density 

Functional Theory (QSDFT) was applied to model the pore size distribution, which 

only involves the adsorption branch for calculation [68].  

3.2.2.1.3.1 Brunauer-Emmett-Teller Method (BET method) 

Another important index for optimizing porous carbons is specific surface area 

[67]. The most common method to evaluate the feature is Brunauer-Emmett-Teller 

(BET) theory, which requires transforming the measured adsorption isotherm into a 

BET plot (Figure 16) [81]. From the plot, the monolayer capacity ( nm)  can be 

determined, and through using the molecular cross-sectional area, the specific surface 

area can be further calculated [67]. The monolayer capacity (nm) is calculated through 

Equation 2 [67,81] , where 𝑛𝑛𝑎𝑎 is the amount of gas adsorbed, expressed in moles per 

gram, and is related with W in the plot; C is an empirical constant that implies the 

attractive adsorbent-adsorbate interactions, and P P0⁄  is relative pressure [81]. 

 P P0⁄
na[1- (P P0)⁄ ] =

1
nmC

+
C-1
nmC

∙
P
P0

 Equation 2 
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Figure 16. Typical BET plot [81] 

As the equation shows, to apply BET method, the plot needs to be in a linear form 

[82]. Initially, Emmett and Teller discovered that various adsorbents display linear BET 

plots when relative pressure (P P0⁄ ) is between 0.05 to 0.25; therefore, this range is 

regarded as the classical linear BET pressure range, which is applicable for macro-, and 

mesoporous materials (pore width > 4nm; basically Type II and IV(a) materials), and 

the BET-area can be considered as the “probe accessible area”[68]. As for microporous 

materials, due to the existence of micropore volume filling, which is difficult to be 

separated from monolayer formation at a relative low pressure (below 0.1), the 

traditional pressure range needs to be adjusted [67]. 

To find a reliable linear range of the BET plot for microporous solids, Llewellyn 

et al. suggested a procedure based on two criteria [82] that has been adopted by the 

International Organization for Standardization [83]: 

a) C needs to be positive (i.e. any negative intercept on the BET plot implies that one 

is outside the valid range of the BET equation); 

b) application of the BET equation needs to be limited to the range where the term 

na[1- (P P0)⁄ ] or na(P0-P) constantly increases with P P0⁄ . 
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In microporous materials, the specific surface area calculated through BET equation 

should be regarded as “equivalent” surface area. An example is shown here with a BET 

plot for a microporous activated carbon fiber (ACF) [67]. 

As Figure 17 shows, when applying to the traditional relative pressure range, the 

microporous activated carbon BET plot does not display an exact linear form, which 

suggests that the chosen range is incorrect. Furthermore, the intercept on x axis is 

negative, implying that the C-constant is negative, which contradicts to the reality. 

Under the circumstance, the BET area is reported to be 1008 𝑚𝑚2 ⁄ g , but the data 

should not be used. 

 

Figure 17. BET plot for an ACF adopting the classical relative pressure range (0.05–

0.25) 

In order to obtain a more reliable result, the method suggested by Llewellyn et al. 

[82] is now implemented. Through leveraging an alternative BET plot like Figure 18, 

where V represents the adsorbed gas volume, relating with 𝑛𝑛𝑎𝑎, a more proper pressure 

range can be determined. In this case, the range where 𝑉𝑉[1 − (𝑃𝑃 𝑃𝑃0)⁄ ] consistently 

increases with 𝑃𝑃 𝑃𝑃0⁄  occurs between 0.026－0.071; thus, the BET range is altered to 

this much lower relative pressure. 
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Figure 18. Plot of P/P0 vs. V[1-(P/P0)] 

Figure 19 shows the BET plot result under the range of 0.026－0.071, which has 

a higher correlation coefficient, and the resulting “equivalent” BET area is 1167 m2/g. 

Although it cannot be considered as the true surface area, the method along with BET 

equation improve the reproducibility of BET area determination for microporous 

materials and the comparison of BET area data between labs [67]. 

 

 
Figure 19. BET plot for the same ACF adopting the criteria 
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3.2.2.1.3.2 Quenched solid density functional theory (QSDFT) 

Quenched solid density functional theory is an improved method for pore size 

distribution calculations for micro- and mesoporous materials [84]. Before QSDFT, the 

most popular pore-size distribution (PSD) analysis for these materials was nonlocal 

density functional theory (NLDFT). However, the disadvantage for NLDFT is it 

assumes that the solid surface of a material is molecularly smooth, and predicts that the 

adsorption isotherms contain pronounced layering steps [67]. QSDFT resolves the 

problem. It takes the surface heterogeneity effects into account, and the solid is treated 

as one of the components of the adsorbate-adsorbent system [67].  

The pore-size distribution calculation is based on a generalized adsorption 

equation (GAE) as Equation 3 shows, and it is also called integral adsorption equation: 

 
Nexp(P P0⁄ )=� NQSDFT(P P0, w⁄ )f(w)dw

Hmax

Hmin

 Equation 3 

where Hmin and Hmax are the minimum and maximum pore sizes in the kernel. The 

kernel NQSDFT(P P0, w⁄ ) represents a sum of theoretical isotherms in pores of various 

diameters, which include the whole range of micro- and mesopores accessible in the 

adsorption experiment [84]. 

The scheme of QSDFT theory for generating a pore size distribution plot is 

correlate the kernel of theoretical adsorption (or desorption) isotherms with the 

experimental adsorption (desorption) isotherms through the integral adsorption 

equation, as Figure 20 displays [67]. 
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Figure 20. Scheme of QSDFT model [67] 

3.2.2.2 Chemical characterization 

Some ions, such as heavy metals, their adsorption behaviors seem to be described 

as “trapped on the surface of the basal planes”, depending mostly on the specific surface 

area and porosity of carbon; other ions, for instance, alkali, alkali-earth and several 

transition ions are adsorbed through cationic exchange mechanism, which depends on 

the surface chemistry of activated carbon fiber [76].  

However, as activated carbon fiber goes through the heat treatment in an inert 

atmosphere, specifically N2, the oxygen-containing functional groups will be removed, 

while basic delocalized π-electrons on the condensed polyaromatic sheets will develop 

[74,85,86]. Therefore, in these cases, the graphene structures, which contain rich π-

electrons play an important role during adsorption. For example, the adsorption 

mechanism of ions such as platinum, gold, and silver, is the chemical adsorption-
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reduction process. Because of their high redox potential, they are mostly adsorbed and 

reduced through obtaining the π-electrons [76]. 

In the following sessions, LCF represents samples without activation, LACF30 

and LACF60 respectively is the abbreviation for samples activated for 30 and 60 

minutes. 

3.2.2.2.1 Zeta Potential and Point of zero charge  

The instrument used was Particle Size and Zeta Potential Analyzer (Malvern, 

Zetasizer Nano). Before the measurement, LCF, LACF30, and LACF60 were 

respectively mixed with distilled water to create a 0.05% (w/v) suspension. For each 

sample, duplicate tests were implemented, and the average zeta potential was recorded. 

For point of zero charge, only LACF60 was examined. Suspensions with various 

pH were prepared with HNO3 and NaOH, including pH = 1.0, 2.1, 3.2, 4.4, and 5.6. For 

both zeta potential and point of zero charge, the suspensions were stirred in the 

ultrasonic vibrator for 24 h before being examined.  

3.2.2.2.2 Surface functional groups (Qualification/Quantification) 

3.2.2.2.3.1 Fourier transform infrared (FTIR) spectroscopy  

Fourier Transform Infrared Spectrometer from Perkin Elmer Spectrum 100 was 

used to examine the surface functional groups. Scanning ranged from 450－4000 cm-1. 

For the amount of KBr used, because carbon usually has strong signal, the mix of LACF: 

KBr for was 1:100. After mixing, the sample was pressed into a pellet.   

3.2.2.2.3.2 X-ray Photoelectron Spectroscopy (XPS/ESCA) 

XPS can show the proportion of each functional group. The instrument used was 

from ULVAC-PHI PHI 5000 Versaprobe II. Peak deconvolution method and the area 
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calculation was implemented by XPSPEAK version 4.1 software, consisting of two 

steps [87]. First, position, Gaussian: Lorentzian ratio (G:L), and full width at half 

maximum (FWHM) were fixed to do 100 iterations. Seven peaks were deconvoluted in 

total, each was arbitrarily fixed according to Table 1 [88]. G:L ratio was fixed at 80%, 

and FWHM was fixed at 1.5. Then, position and G:L ratio limit was freed, and 100 

iterations were performed again. 

Table 1. Fixed positions in peak-deconvolution-step-1 [88]  

Peak ID Assignment Fixed position 
1 vacancy carbon 283.8 
2 conjugated carbon 284.9 
3 non-conjugated carbon 285.9 
4 phenol,lactone,ether 286.6 
5 quinone,pyrone 287.7 
6 carboxyl,lactone 289.5 
7 pi-pi* 291.4 

 

3.2.2.2.3.3 Raman Spectroscopy 

Raman spectroscopy was carried out to determine the carbon structure within the 

material. The analysis progressed under room temperature, using a custom-built 785 

nm Confocal Micro Raman System, and the spectrophotometer, MR-Spec-Red (focal 

length: 20 cm; grating: 1200 1/mm; detector: Andor iVac CCD). The laser power was 

set to 10mW; exposure time was 30 seconds for each scan, while each measurement 

contained 4 scans; the resolution was 1 cm-1; the scan range was fixed between 880－

1830 cm-1. 

In the Raman spectrum, two characteristic peaks for activated carbon fibers are ID
 

and IG. ID appears around 1360 cm-1, which represents for the defection of crystalline 

structure [89]; IG locates around 1580 cm-1, which indicates the existence of C=C bonds 
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that mainly construct the graphene structure. It is common to use ID/IG to examine the 

graphene structure ratio within an activated carbon fiber material, because it is directly 

proportional to the crystalline size along basal plane (1/La) measured by X-ray 

Diffraction (XRD) [90]. 

3.2.3 Characterization of LACF with metal ion 

3.2.3.1 Energy dispersive spectroscopy (EDS) 

Energy dispersive spectroscopy was implemented along with SEM. It is able to 

identify the surface elemental composition for a certain selected area within a material. 

Samples being examined include the LACF with and without adsorbed ions. The ones 

after metal ion adsorption are abbreviated as LACF-M. Among them, LACF with Cu(II) 

is called LACF-Cu, while LACF with Au(III) is called LACF-Au. 

3.2.3.2 Fourier transform infrared (FTIR) spectroscopy 

Surface functional groups were again qualified by FTIR after adsorption, for the 

purpose of examining whether the peaks shift or not, which served as another evidence 

to verify the adsorption mechanism. Furthermore, LACF-M after desorption were 

analyzed as well. The list of samples being compared are LACF, LACF-Cu, desorbed 

LACF-Cu, LACF-Au, and desorbed LACF-Au.    

3.2.4 Mono-component Metal Recovery experiments (Batch/Column) 

3.2.4.1 Batch Adsorption tests  

The amount of activated carbon and solution used was suggested by ASTM D3860 

[91]. For adsorbate concentration between 10 to 100 ppm, solution sample volume (mL) 

/ carbon dry weight equals to 100 (mL)/ 0.04(g).  
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For metal ion preparation, Cu(II) was prepared from CuSO4∙5H2O, and Au(III) 

was prepared from HAuCl4. Chemicals were used as received. 

Cu(II) /Au(III) adsorption according to various pH 

0.4 mM Cu(II) and Au(III) solution were respectively prepared, for the latter, due 

to convenience, the powders were first dissolved in HCl, and then dilute for further 

usage. NaOH and HNO3 were used to adjust the solution to the desired pH values. After 

solution was prepared, LACFs were added right after. The suspension was shaken in an 

incubator for 1 day until equilibrium was reached. After the adsorption, LACF was 

filtered off through 0.45 𝜇𝜇𝜇𝜇 syringe filter. Filtered solution was examined through 

atomic absorption spectrum to calculate the adsorption capacity. 

Cu(II) / Au(III) adsorption according to various concentration (Isotherm) 

A. Experimental details for Cu(II) adsorption are as follows: 

(1) Prepared pH = 5.4 buffer solution 0.05 M, 2 L with CH3COOH(aq)/CH3COONa(s) 

and distilled water. The main purpose of using buffer was to maintain the same 

adsorption environment during the whole process. 

(2) Dissolved CuSO4．H2O(s) with the pH = 5.4 buffer to prepare Cu(II) stock solution 

1.0 mM (deriving from CuSO4 250 ppm), 2 L. 

(3) Diluted the Cu(II) stock solution to desired concentrations with the buffer. 

Concentrations used were: 0.04, 0.10, 0.17, 0.23, 0.30, 0.36, 0.42, 0.49, 0.62, 0.74, 

0.87, 1.00 mM. Prepared 100 mL for each concentration. 

(4) Prepared 12 clean vials. For each concentration, measured 50 mL, and poured it 

into a 50×90 mm 110 mL vial. At the same time, measured 10 mL for future atomic 

absorption spectroscopy tests to determine the Cu(II) concentration before 

adsorption. After this step, there would be 12 vials with different concentrations.  
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(5) Added 0.02 g LACF into each vial. 

(6) Put 12 vials on a shaker incubator inside a programmable temperature and humidity 

tester to keep the adsorption test under a 30 °C environment. 

(7) Shook all the vials for 24 h to ensure the adsorption reaches the equilibrium state. 

(8) After 24 h, separated the LACF and Cu(II) solution with syringe filters.  

(9) Diluted the post-adsorption Cu(II) solution to 3 different concentrations for atomic 

absorption spectroscopy tests. 

B. Experimental details for Au(III) adsorption are as follows: 

(1) Prepared pH = 2.17 buffer solution 2 L with 0.2 M HCl /0.2 M KCl and distilled 

water. The main purpose of using buffer was to maintain the same adsorption 

environment during the whole process. 

(2) Dissolved one bottle of AuCl3(s) (500 mg) in 500 mL 0.1 M HCl to prepare 1000 

ppm stock solution. 

(3) Diluted the Au(III) stock solution to desired concentrations with the buffer. After 

mixing the stock solution with the buffer, the pH environment was changed to 1.79. 

Concentrations used were: 0.04, 0.10, 0.17, 0.23, 0.30, 0.36, 0.42, 0.49, 0.62, 0.74, 

0.87, 1.00 mM. Prepare 100mL for each concentration. 

(4) Prepared 12 clean vials. For each concentration, measured 50 mL, and poured it 

into a 50×90 mm 110 mL vial. At the same time, measured 10 mL for future atomic 

absorption spectroscopy tests to determine the Au(III) concentration before 

adsorption. After this step, there would be 12 vials with different concentrations.  

(5) Add 0.02 g LACF into each vial. 

(6) Put 12 vials on a shaker incubator inside a programmable temperature and humidity 

tester to keep the adsorption test under a 30 °C environment. 

(7) Shook all the vials for 24 h to ensure the adsorption reaches the equilibrium state. 
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(8) After 24 h, separated the LACF and Au(III) solution with syringe filters.  

(9) Diluted the post-adsorption Au(III) solution to 3 different concentrations for atomic 

absorption spectroscopy tests. 

 

Cu(II) / Au(III) adsorption according to various contact time (Kinetics) 

The concentration was chosen according to ASTM D3860 [91], which should be 

adjusted to obtain 10－85% adsorbate removal. 

A. Experimental details for Cu(II) adsorption are as follows: 

(1) Prepared pH = 5.4 buffer solution 0.05 M, 2 L with CH3COOH(aq)/CH3COONa(s) 

and distilled water. The main purpose of using buffer was to maintain the same 

adsorption environment during the whole process. 

(2) Dissolved CuSO4．H2O(s) with the pH = 5.4 buffer to prepare Cu(II) stock solution 

1.0 mM (deriving from CuSO4 250 ppm), 2 L. 

(3) Diluted the Cu(II) stock solution to desired concentrations with the buffer. 

Considered the result from isotherm test, the concentration chosen was 0.42 mM 

(2L). 

(4) Prepared 15 clean vials (50×90 mm 110 mL). Measured 50 mL Cu(II) solution and 

poured it into each vial. At the same time, measured 10mL for future atomic 

absorption spectroscopy tests to determine the Cu(II) concentration before 

adsorption. After this step, there would be 15 vials all with the same concentration. 

(5) Added 0.02 g LACF into each vial. 

(6) Put 15 vials on a shaker incubator inside a programmable temperature and humidity 

tester to keep the adsorption test under a 30 °C environment. 

(7) Shook the vials for various time duration. The time chosen was: 2, 5, 10, 15, 20, 30, 

45, 60, 75, 90, 120, 180, 250, 360, 480, 1440 min. 
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(8) When the time was reached, separated the LACF and Cu(II) solution with syringe 

filters. 

(9) Diluted the post-adsorption Cu(II) solution to 3 different concentrations for atomic 

absorption spectroscopy tests. 

B. Experimental details for Au(III) adsorption are as follows: 

(1) Prepared pH = 2.17 buffer solution 2 L with 0.2 M HCl /0.2 M KCl and distilled 

water. The main purpose of using buffer was to maintain the same adsorption 

environment during the whole process. 

(2) Dissolved one bottle of AuCl3(s) (500 mg) in 500 mL 0.1 M HCl to prepare 1000 

ppm stock solution. 

(3) Diluted the Au(III) stock solution to desired concentrations with the buffer. 

Considered the result from isotherm test, the concentration chosen was 0.42 mM 

(2L). After dilution, the pH changed to 1.79. 

(4) Prepared 15 clean vials (50×90 mm 110 mL). Measured 50 mL Au(III) solution and 

poured it into each vial. At the same time, measured 10 mL for future atomic 

absorption spectroscopy tests to determine the Au(III) concentration before 

adsorption. After this step, there would be 15 vials all with the same concentration. 

(5) Added 0.02 g LACF into each vial. 

(6) Put 15 vials on a shaker incubator inside a programmable temperature and humidity 

tester to keep the adsorption test under a 30 °C environment. 

(7) Shook the vials for various time duration. The time chosen was: 2, 5, 10, 15, 20, 30, 

45, 60, 75, 90, 120, 180, 250, 360, 480, 1440 min. 

(8) When the time was reached, separated the LACF and Au(III) solution with syringe 

filters. 
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(9) Diluted the post-adsorption Au(III) solution to 3 different concentrations for atomic 

absorption spectroscopy tests. 

Cu(II) / Au(III) desorption/re-adsorption  

Under pH = 5.4, Cu(II) adsorption was performed, and the adsorption reaction 

time was set for 240 min according to the kinetic test. After the first adsorption 

equilibrium, LACF and the solution were separated, and LACF was sent to the oven to 

dry at 60 ℃ for 5.5 h. After drying, the sample was then added to HNO3 for desorption. 

Desorption lasted for another 6 h. Then, the sample was again filtered and sent into 

oven to dry at 80 ℃ for 2.5 h. The cycle was repeated for 3 times, and for each cycle, 

the solution concentration was measured before and after adsorption. 

Regeneration test was similar for Au(III), but the adsorption reaction time was set 

to 360 min, and the desorption time was altered to 8 h. The recover reagent used was a 

mixture of NaOH and acetone. 

Batch Adsorption data analysis 

Simpler models are better, so for both isotherm and kinetic models, only models 

with just 2-3 parameters are used. The advantage of using nonlinear fitting is that it 

won’t break the error distribution structure for the experimental data. However, the 

disadvantage is that the parameters are difficult to determine because the local 

minimum cannot be easily calculated, leading to the unstableness for parameter 

estimation. Therefore, algorithm and weight method chosen for fitting are quite 

important. Here, the Levenberg-Marquardt iteration algorithm was used.  

Many past studies have focused on linear modeling [92,93]. Although linear 

regression is easier when it comes to model interpretation, and it does not suffer from 

the difficulty of local minimum determination, it has another disadvantage. The change 
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of the error structure after transforming the data points is the main problem being 

discussed in past literatures [93,94]. Hence, this study adopted non-linear modeling.  

Isotherm models 

Adsorption isotherm models are one of the important tools to estimate adsorption 

capacity, and the adsorption mechanism. In this study, the models used for fitting were 

Langmuir, Freundlich, and Redlich-Peterson model.  

 Langmuir isotherm model assumes that adsorption happens on a homogeneous 

surface. It is suitable for low concentration adsorption and has four assumptions [95,96]: 

(1) There are many activation sites on an adsorbent, and each of them can adsorb 

one adsorbate. 

(2) Every adsorption site has the same affinity to the adsorbate. 

(3) Each adsorbate’s adsorption behavior is independent of one another 

(4) The maximum adsorption capacity is reached when every adsorption site 

adsorbs one layer of adsorbate.  

The relationship between adsorbate and the equilibrium adsorption capacity can be 

described in Equation 4,  

qe=
QmaxbCe

1+bCe
 Equation 4 

where qe  (mmol/g) is the equilibrium adsorption capacity; Qmax  is the maximum 

adsorption capacity (mmol/g), which also equals to  KR aR⁄  , the Redlich-Peterson 

parameters that will be introduced in the later paragraphs; Ce (mmol/L) is the metal 

ion equilibrium concentration; b is the Langmuir constant related to the energy of 

adsorption. Although it simplifies the adsorption behavior, it is conveniently used for 

calculating the adsorption energy. 
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Freundlich model [95,96] is useful when the adsorbate has a high concentration. 

It assumes that adsorption happens on a heterogeneous surface, where the adsorption 

heat distributes non-uniformly all over the surface, and the model can account for 

multiple-layer adsorption. The relationship is described in Equation 5.   

qe=KFCe
1 n⁄  Equation 5 

where qe  (mmol/g) is the equilibrium adsorption capacity; KF  is the Freundlich 

constant (mmol/g)(L/mmol)1/n, which also equals to KR aR⁄ ; Ce (mmol/L) is the metal 

ion equilibrium concentration; n is the heterogeneity factor, and it is equivalent to 1-β, 

the constant fitted from the following Redlich-Peterson model. 

 Redlich-Peterson (R-P) mode [96] can be used when the adsorbate concentration 

is either high or low. For high concentrations, the model is simplified to Freundlich 

model, on the other hand, in low concentrations, when β=1, the model is reduced to 

Langmuir model. The relationship between Redlich-Peterson and Freundlich, or 

Redlich-Peterson and Langmuir is called nested. The model is described in Equation 6. 

qe=
KRCe

1+aRCe
β Equation 6 

where qe  (mmol/g) is the equilibrium adsorption capacity; KR  (L/g) and aR 

(L/mmol) are the R-P isotherm constants; Ce (mmol/L) is the metal ion equilibrium 

concentration; β  is the R-P isotherm exponent, which is dimensionless and lies 

between 0 to 1. 

  

Kinetic models 
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 Pseudo-first kinetic model [97–99] is defined by the following reaction, where S 

equals to the adsorbent surface, and M equals to the adsorbate concentration. The model 

can be described as Equation 7. 

S + M → SM 

The model has four assumptions:  

(1) Adsorption does not involve the interaction between adsorbate. 

(2) Adsorption energy depends on how much the adsorbent surface was covered by 

the adsorbate. 

(3) Maximum adsorption capacity equals to a single layer adsorption. 

(4) M is static. 

qt= qe(1-exp-k1t) Equation 7 

where 𝑞𝑞𝑒𝑒  and 𝑞𝑞𝑡𝑡  (mmol/g) respectively represents for the adsorption capacity at 

equilibrium 𝑡𝑡𝑒𝑒 and time t (min); 𝑘𝑘1 (min-1) is the pseudo-first-order rate constant. 

 Pseudo-second kinetic model [100] is defined by the reaction below, where S 

equals to the adsorbent surface, and M is equivalent to the adsorbate concentration. The 

model assumes that the rate-limiting step may involve chemical adsorption that is 

related with sharing or exchanging electrons between adsorbates and adsorbents. The 

relationship is described in Equation 8. 

2S + M → M(𝑆𝑆)2 

qt= 
k2qe

2

1+k2qet 
 Equation 8 
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Chapter 4: Results and Discussion 

4.1 Characterization 

4.1.1 Physical Characterization 

4.1.1.1 LACFs fiber morphology 

Figure 21 - Figure 22 are the SEM photos from LACFs, it is clearly shown that 

fibers went through high temperature carbonization and activation may fuse together, 

implying that fiber diameters vary, and could further induce various pore sizes. 

Figure 21 shows the difference between water-washed fibers (b), and those without 

water wash (a). It is obvious that after water wash, tars and salt crystals [101] on the 

surface of the fibers were greatly reduced, which was helpful for adsorption because 

fewer pores were blocked by tars. However, the fact that there were still tars left on the 

fiber surface implied that the water wash period could be longer, with a view to 

obtaining smoother and cleaner fibers. 

Figure 22 displays a clear morphology of the LACF. The fibers appear to be crispy, 

which are the evidence of high-temperature carbonization. Besides, the crispy defective 

fibers were crossing each other, forming a nest/cage-like structure. This defective 

nest/cage-like structure could create dispersive forces that assist the adsorbent to get 

adsorbates [73]. 

 

Figure 21. LACFs (a) without water wash; (b) after water wash for 10 mins 
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Figure 22. LACF morphology (a) nest-like; (b) cage-like 

4.1.1.2 Specific surface area and pore size distribution  

Figure 23 is the typical N2 (77.35 K) isotherm from LACF. According to IUPAC’s 

(International Union of Pure and Applied Chemistry chemical nomenclature) definition 

[68], The mild difference between Figure 23 and the type IV(a) curve shown in 

IUPAC’s report was that, the initial knee part (where relative pressure is between 0.0－

0.2) here was not as bent. Therefore, it implied that, aside from mesopores, other kinds 

of pore size may exist as well, which can be certified by the pore size distribution 

analysis in the later paragraphs. 

 
Figure 23. Typical N2 (77.35 K) adsorption-desorption isotherm of LACF 
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On top of isotherm shape, the pattern of the hysteresis loop also characterizes the 

pore structure. This type of hysteresis loop is akin to that of H2-b type referring to 

IUPAC [68]. The desorption branch decreased abruptly around 0.50, which may be 

caused by pore-blocking, indicating that there were ink-bottle pore connections within 

the materials, whose bottle-neck size distributed rather widely [68]. 

From the isotherm, specific surface area was further calculated by the BET 

equation. Comparing between samples without activation (LCF), with 30-min 

activation (LACF30), with 60-min activation (LACF60), the result is shown in Figure 

24. LACF60 had the highest specific surface area; however, because the variance was 

rather large, it did not show significant difference from LACF30. It was verified that 

activation helped increase specific surface area. 

 

Figure 24. Physical characterization of LCF, LACF30 and LACF60 

QSDFT model was used to compute pore volume and simulate the pore size 

distribution from the isotherm. The largest pore volume obtained from the sample was 

near 0.22±0.057 cm3/g, which was fewer than commercial activated carbon (0.56－
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1.20 cm3/g), but compatible enough to similar biosorbents. Again, the total pore volume 

was larger in samples that were activated but did not show significant difference 

between LACF30 and LACF60.  

For the pore size distribution, from Figure 25, it could be observed that, except for 

mesopores, micropores existed as well. To be more specific, most of the pore size 

distributed between 1.6－20 nm. By calculation, the LACFs micro/meso- pore ratio is 

around 25:75. From application’s point of view, usually adsorbents can adsorb 

substrates that have similar diameters with it. For example, the LACF can be a useful 

adsorbent for metal-ion adsorption from waste water, because hydrated metal ions’ 

diameters are mostly within the micropore or mesopore region [102]. 

 
Figure 25. QSDFT pore size distribution 

 As for the weight loss, according to Figure 24, activation for longer time indeed 

caused higher weight loss. In LACF60 samples, it could reach as high as 70%, however, 

it is reasonable for physical activated carbon fibers. The low yield rate is a trade-off for 

higher specific surface area and better pore structures. All in all, activated samples won 

over carbon fibers, but longer activation time on average might not lead to better 

physical features. In the next session, chemical characterization was used to further 
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distinguish the activated sample, so as to pick the optimized one for further adsorption 

application.  

4.1.2 Chemical Characterization 

4.1.2.1 Zeta Potential and Point of zero charge 

The result for zeta potential and point of zero charge are shown in Table 2 and 

Figure 26 respectively. Comparing between non-activated and activated samples, LCF 

had larger zeta potential. The reason may lie in that, zeta potential is determined by both 

minerals and organic compounds [103]. As LCF endured shorter and lower-temperature 

heat treatment, more minerals may be left, which offset the lack of organic compounds 

and contributed to the zeta potential. The assumption could be further verified through 

elemental analysis, where LCF possessed the highest residuals other than C, H, O, and 

N.  

Table 2. Zeta potential of CF and LACF 

 LCF LACF-30 LACF-60 

Zeta potential -44.65 -36.65 -40.05 

 

For LACF-30 and LACF-60, the latter had higher zeta potential. As activation time 

increases, the oxygen-containing surface functional groups may increase. These organic 

compounds may carry negative charge when suspended in dH2O and contribute to the 

zeta potential.  

In terms of point of zero charge (PZC), i.e. the pH point where the zeta potential 

equals to zero, LACF-60 was used to examined. According to Figure 26, the PZC is 

around 3.5. Above the PZC, the surface carries negative charges. When initial pH was 

around 6, the zeta potential could reach as negative as -20 mV and reach +20 mV 

otherwise. 
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 The low PZC may be related with the dissociation of carboxylic groups [104]. 

Carboxylic groups bonded with aromatic rings have a pKa around 4.2, meaning that as 

pH gets larger than pKa, more hydrogen atoms leave the carboxylic groups, and thus 

create more negative surface charges, accounting for the steep slope between pH 3-4.   

 If electrostatic force between surface charge and carbon metal ions is the 

adsorption mechanism, for Cu(II), adsorption should perform better in the region where 

the initial pH is larger than 3.5. In contrast, as Au(III) exists in the solution in AuCl4
- 

form, high adsorption capacity could be observed in the acidic region.   

 
Figure 26. Point of zero charge 

4.1.2.2 Surface functional groups 

FTIR(Qualification) 

In this session, because LACF with 30 and 60-min activation both had the same 

trend, only the latter one is displayed. Peak assignment for lignosulfonate, LCF, and 

LACF are shown in Figure 27 and Table 3.  

Overall, surface functional group number decreased after lignosulfonate was 

carbonized, and increased after activation. The rather low intensity in LCF may also 

result from the fact that black carbon fibers have high absorbance [105]. Initially, the 
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raw material lignosulfonate had 11 obvious peaks: peak around 3428 cm-1 indicated O-

H stretching vibration, 2937 and 2851 cm-1 respectively showed C-H stretching 

vibration in methyl and methylene groups, 1610-1421 cm-1 originated from aromatic 

skeletal vibrations, 1210 resulted from C-O stretching, 1040 cm-1 and 621 cm-1 were 

the features for S－O vibrations in sulfonate groups [106–109]. After carbonization and 

activation, these peaks’ intensities changed and the positions shifted, which 

corresponded to previous research [1].   

 Comparing between lignosulfonate and the other two samples, the main difference 

happened at 3428 cm-1 and 500-1741 cm-1 region. The peak intensity at 3428 cm-1 

largely decreased, meaning that OH groups in LCF and LACF decreased, which 

contributed to their hydrophobic property. In the 1000 cm-1 region, starting from around 

1731 cm-1, where oxygen-containing functional groups C=O stretching peaks appeared 

[70], LCF and LACF had similar trends. LACF’s peaks had higher intensity, and the 

main difference happened around 1600, 1400 and 1100 cm-1, indicating that there were 

more oxygen-containing functional groups in LACF.  

At around 1600 cm-1, the peak represented C-O from aromatic rings, which was 

more obviously observed in LACF, as it is a feature for oxygen-containing functional 

groups. The peak around 1400 cm-1 could prove the existence of phenolic groups, which 

was observable in LCF and LACF, verifying that phenolic groups were stable during 

heat treatments.  

The peak at around 1100 cm-1, originally was at 1210 cm-1 for lignosulfonate, it 

shifted in both CF and LACF. The reason may result from the different kind of C-O 

bond. In lignosulfonate, the C-O bonds mostly exist in G & S type lignin, while in LCF 

and LACF, C-O bonds were also used to crosslink long chains. 1040 cm-1 had a more 

complex combination, in lignosulfonate it represented the sulfonate groups; however, 
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in LCF and LACF, the shape and intensity varied. In LCF, the small peak might imply 

the decrease in sulfonate groups, as in LACF, it can be also be contributed by the 

anhydride groups [110,111]. The persistence of sulfonate groups even after activation 

may enhance the adsorption capability of LACF.    

 

Figure 27. FTIR spectrum of LACF 

From the FTIR result, a scheme for the chemical structure change from 

lignosulfonate to LACF is proposed (Figure 28). The starting raw material was 

hardwood lignosulfonate which mainly contains G and S-type lignin. Pre-oxidation was 

then executed as mentioned before, to help crosslink the units. At lower temperatures, 

dehydration and radical formation from α-o-4 and β-o-4 linkages occurred [112–114]. 

After, radicals started to cross-link with one another to form longer chains. When the 

temperature exceeded 270 ℃, more C-O-C bonds started to break down, and long 

chains begin to crosslink [115].  



doi:10.6342/NTU202001308

55 

 

Table 3. FTIR peak assignment 

# Assignment 
[106–109] 

Wavenumber (cm-1)  
Ligno- 

sulfonate 
LCF 
[70] 

LACF 
[70,110,111] 

1 O－H stretching  3428  

2 C－H stretching in 
methyl groups  2937  

3 C－H stretching in 
methylene groups 2851 - 2851 

4 C=O stretching in esters 
(carboxylic groups, aldehydes, ketones) - - 1731 

5 C－O stretching & 
C=C Aromatic skeletal stretching  1610 1580 1626 (broad) 

6 C=C Aromatic skeletal stretching  
(G, S rings) 1510 - - 

7 Aromatic skeletal vibration with 
asymmetric C-H deformation 1459 -  

8 C=C Aromatic skeletal stretching 1421 - 1421 (broad) 

9 Phenolic O-H & 
aliphatic C-H in methyl groups 

1374 1374  

10 Aromatic ring (G) breathing with C-O 
& C=O stretching 1210 - - 

11 C－O stretching/ 
S－O in sulfonic groups 

- 1108 1040 (broad) 
(anhydride) 12 1040 - 

13 - 1000 
14 S－O in sulfonic groups  621  
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Figure 28. Scheme of Lignosulfonate transforming to LACF (modified from 

[70,112,113])  
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The pre-oxidation temperature was 300 ℃; therefore, the cross-linking from long 

chains into a larger network might only complete partially. More will be condensed 

during carbonization, which was implemented at higher than 400 ℃. During 

carbonization, C-C bonds broke, and the radicals randomly repolymerized into 

polyaromatic forms [113]. As carbonization was executed under inert N2 gas, and 

temperature increased up until 800 ℃, many functional groups — except phenol and 

methoxyl groups, because of their stability under high temperature — were eliminated 

as presented in the FTIR result. 

For activation, a series of reactions (Figure 29) happened to formulate the oxygen-

containing groups [64]. According to the reactions, CO2 acted as oxidation agent, not 

only reacting to carbon atoms, but also oxidized the hydroxyl groups to a higher 

oxidation state, such as carboxyl and anhydride groups. As a result, carbon monoxide 

and vacancies on the activated carbon were created [64].     

 

Figure 29. Reaction with CO2 (() denotes a vacant site[64]) 

Comparing to other physical activation methods, such as H2O, CO2 is rather slow, 

but assist with the creation of micropores [64]. This also resulted in the better property 

for LACF that was activated for a longer time, including a higher micropore proportion 

and more surface functional groups. The former was verified in physical 

characterization sessions; the latter will be shown in the next surface functional group 

quantification analysis.    
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Elemental Analysis (Quantification) 

Quantification-wise, Table 4 shows the result of elemental analysis, including 

carbon, hydrogen, oxygen, nitrogen, and sulfur contents. Overall, carbon content was 

more dominated within activated samples (LACF30 and LACF60) than non-activated 

samples. The reason is that, during activation process, the operating temperature was 

higher than that of carbonization, allowing the formation of more graphite-like structure. 

However, as activation time increases, carbon ratio declined while oxygen ratio climbed, 

leading to the decrease of C/O ratio. This can be attributed to the fact that more 

defective carbons participated in activation process, which will be verified in the 

following XPS C1s result.  

The carbonization and activation process were both implemented under a nitrogen 

environment; thus, it was expected that nitrogen may be grafted onto the structure. 

Because activation temperature is higher than carbonization, more nitrogen component 

may react with the carbon structure, leading to a slight increase in the nitrogen 

percentage. In all samples, nitrogen occupied less than 1% of the structure. 

In terms of sulfur content, it decreased in activated samples, but still retained 

around 3 %, corresponding with the existence of S－O peak in FTIR. Other than C, H, 

O, N, and S, there were still other components such as ashes and metal ions, whose 

proportion declined in LACFs because of the enhanced bond-breaking under longer and 

higher heat treatment.  
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Table 4. Elemental Analysis of LCF, LACF30 and LACF60 

 C (%) H (%) O (%) N (%) S (%) Other*(%) C/O 
LCF 60.63 2.31 22.78 0.50 6.37 7.40 2.66 
LACF30 65.55 2.32 22.94 0.59 3.80 4.80 2.86 
LACF60 63.35 2.46 24.51 0.67 3.23 5.78 2.58 
*other components include ash and metal ions (eg. Na+), obtained through 
calculating 100-(C+H+O+N+S). 

 

X-ray Photoelectron Spectroscopy (Quantification) 

To further verify the ratio of different carbon structure, XPS analysis was 

implemented. Peak convolution result is shown in Figure 30 and the correspondent 

functional group identification is displayed in Table 5. Within all samples, peak 7 was 

hardly seen; thus here, the attention will be focused on peak 1-6. Peaks over 284 are 

aromatic signals, and those under 282 represent lack of crystallinity.    

 

Figure 30. XPS C1s spectra. Left: CF; Right: above: LACF30; below: LACF60 
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LCF and LACF30 samples shared a similar trend, where non-conjugated carbon 

accounted for the largest ratio. Vacancy and conjugated carbon had similar proportions. 

For conjugated carbon, it may come from the graphene layers or functional groups 

(peak 4, 5, and 6), the combination of the latter accumulated to around 15%, which was 

below half of 40%. Thus, it is reasonable to conclude that more conjugated carbon 

comes from the graphene structure. Peak 4 and 6, respectively represents phenol, 

lactone, ether, and carboxy, lactone groups, both possessed similar low proportions 

within the structure. Peak 5, representing basic functional groups, quinone and pyrone, 

stands for 0% in CF and 2.93% in LACF30, suggesting that the amount of basic 

functional groups was quite few on the surface.      

LACF60’s conjugated carbon accounted for the largest ratio. From the increase 

ratio in peak 4 and 5, the LACF60 had more aromatic rings carrying oxygen-containing 

functional groups. While comparing between acidic functional groups, peak 4 and 6, 

phenol, lactone, and ether turned out to occupy more of the structure. One thing worth 

noticing is that, the ratio of basic functional groups also climbed. However, contrasting 

to acidic groups, basic groups were much fewer. Therefore, while considering for all 

basic features, LACF60 was still more acidic than LACF30 or CF. Overall, LACF60 

contained more peaks over 284, implying that LACF60 contained more aromatic 

functional groups and can be a preferable adsorbent.      
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Table 5. XPS C1s LACF30 and LACF60 functional group ratio 

Peak Assignment 
CF LACF30 LACF60 

(%) Position (%) Position (%) Position 

1 
vacancy 
carbon 

24.42 283.77 22.45 283.72 7.66 284.54 

2 
conjugated 

carbon 
26.63 285.00 20.59 285 31.91 285 

3 
non-

conjugated 
carbon 

32.36 285.71 40.21 285.44 20.95 286.35 

4 
phenol, 

lactone, ether 
8.11 286.87 6.06 286.62 25.43 286.72 

5 
quinone, 
pyrone 

0.00 294.39 2.93 287.26 8.07 288.00 

6 
carboxyl, 
lactone 

8.48 289.45 7.77 289.24 5.67 290.37 

7 𝜋𝜋 − 𝜋𝜋∗ 0.00 291.18 0.00 291.03 0.31 291.15 

4.1.2.3 Graphene structure within LACF 

 

Figure 31. Raman Spectrum of LACF 

According to the current and previous preliminary study [11], after high 

temperature carbonization, the main content of the material was carbon, which accounts 

for 50 % of the composition. The result matched with that of FTIR, that most of other 
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functional groups have been eliminated. Thus, in this study, carbon structure was further 

investigated. 

From Figure 31, characteristic peaks for activated carbon fibers were shown 

respectively around 1374 cm-1 and 1580 cm-1. The former represented for the 

amorphous graphite structure, while the latter stood for crystallized graphene structure. 

Regarding the calculation, ID/IG was around 1.53, indicating that the material was 

mainly composed of amorphous carbon structures. Nevertheless, the existence of the IG 

peak verifies that part of the material consisted of graphene structures, meaning that π 

electrons exist. That is to say, electron rich regions were present on the surface, which 

would a helpful feature for adsorption performance. 

  



doi:10.6342/NTU202001308

63 

 

4.1.3 Characterization of LACF with metal ion 

To verify the existence of adsorbed metal ions, EDS was implemented. Further, as 

a supplementary for exploring adsorption mechanism, LACF-M was evaluated through 

FTIR. 

4.1.3.1 Energy dispersive spectroscopy (EDS) 

Original LACF, and LACF-M were all examined under EDS. The results along 

with the SEM photos were shown in Figure 32, Figure 33, and Figure 34. Figure 32 

exhibited the original LACF. From the selected region, it is again certified that after 

carbonization and activation, sodium and sulfur still existed on the LACF surface. 

Furthermore, calcium ion was also present.   

 

  

Figure 32. EDS for LACF. Left: examined area; right: element detection 

 The result of LACF-Cu was shown in Figure 33. Before being examined under 

EDS, observing from the surface of the sample, there was s no clear difference between 

LACF and LACF-Cu, both appear to be black activated carbon fiber. Only when sent 

under EDS, could the adsorption of Cu(II) be verified. The signal of Cu and Na occurs 

at a similar position. Therefore, in LACF-Cu, as Cu’s intensity was much stronger, it 

masked Na’s signal.  
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Figure 33. EDS for LACF-Cu. Left: examined area; right: element detection 

 EDS results for LACF-Au was presented in Figure 34. The adsorption of Au(III) 

can be clearly seen even without EDS. The whole piece of LACF was observed yellow, 

indicating the reduction of gold. Under EDS, from the selected region, except for Au, 

only oxygen and an impurity Br element were examined.   

  

Figure 34. EDS for LACF-Au. Left: examined area; right: element detection 

4.1.3.2 Fourier transform infrared (FTIR) spectroscopy 

Original LACF sample, LACF-Cu, LACF-Au, LACF-Cu des (the sample that 

Cu(II) got desorbed), and LACF-Au des (the sample that Au(III) got desorbed) were all 

examined (Figure 35) to investigate the possible adsorption mechanism.  

For Au(III) adsorption, a new peak at 1567 cm-1 appeared, peak at 1237 became a 

broader band, and the one at 1099 shifted. The newly raised peak at 1567 cm-1 can be 

resulted from asymmetric stretching of different carboxylate groups, showing that 
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carboxylic acid groups were deprotonated by Au(III) during the adsorption process[96]. 

Changes at 1237 and 1099 indicated that the form of C-O bond was altered, which can 

be attributed to the C-O-Au bond. A slightly shift and peak intensity change was 

observed around 620 cm-1, indicating that the sulfonate groups may participate in 

adsorption through forming complexes with Au ions.  

 From LACF-Cu curve, the main change happened in 1237 and 1099 cm-1. It went 

in a different direction than LACF-Au, here, the peak decreased, also indicating that 

the C-O bond may be used during Cu(II) adsorption. The change around 620 cm-1 was 

observed, implying that sulfonate groups may have formed complexes with Cu ions as 

well. Other peaks overall remained the same. Comparing LACF-Au and LACF-Cu, 

more changes happen in the former one, implying that Au(III) adsorption might involve 

more oxygen-containing functional groups. 

 
Figure 35. FTIR for LACF－before, after adsorption, and after desorption 
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The desorption curves show that, the LACF was successfully recovered. 

LACFAudes and LACFCudes both have similar positions as LACF. The underlying 

desorption mechanism may be ion exchange. The desorption agent exchanged its 

hydrogen with the metal ions to recover the surface functional groups, allowing LACF 

to adsorb again in the next cycle. However, comparing the recover efficiency, 

LACFAudes still contained the peak in LACFAu, indicating part of the functional 

groups were not recovered, and there might be Au ions remained bonded, which can 

explain for the rather unideal re-adsorption efficiency shown in the later session.  

4.2 Batch Adsorption experiment 

4.2.1 Cu(II)/Au(III) adsorption according to various pH 

From previous zeta potential test (by various pH), it was shown that the solution 

environment will greatly affect the surface charge of LACF. As one of the possible 

adsorption mechanisms is through coulomb electrostatic force, in this session, 

adsorption performance by various initial pH environment will be examined. The 

optimized pH would be applied to isotherm, kinetic and adsorption-desorption cycle 

test. 

Figure 36 and Figure 37 respectively showed Cu(II) and Au(III) adsorption as a 

function of solution pH.  
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Figure 36. Effect of pH solution on Cu(II) adsorption 

According to Figure 36, Cu(II) adsorption was greatly affected by the solution 

environment, and the trend can be mapped to the zeta potential test results. Recall that 

the LACF’s point of zero charge occurred at around 3.5, below this point, the surface 

mainly carried positive charge; after the point, the surface was covered with large 

amount of negative charge. Cu(II) adsorption efficiency tripled after the point of zero 

charge, implying that one of the adsorption mechanisms for copper metal ions was 

through electrostatic force. As negative surface charge increased, more positive Cu(II) 

ions were attracted to the LACF.  
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Figure 37. Effect of pH solution on Au(III) adsorption 

 Similar to Cu(II) adsorption, Au adsorption capacity increased with the pH, but 

the range was narrower. In solution, Au(III) mainly existed as AuCl4
-; therefore, it is 

reasonable that in acidic environment, when activated carbon carried positive charges, 

it still displayed good adsorption performance. When pH climbs, the hydrogens on 

oxygen-containing functional groups were mostly affected, which contributed to the 

charge change on the surface. However, Au(III) adsorption did not vary that much with 

the trend, the reason can be that, one of the underlying adsorption mechanisms for gold 

was through pi electrons on the graphene surface. The ions directly interact with the 

electrons and reduced to Au(s) on the LACF. As a result, LACF-Au is observably 

yellow from the moment LACF starts to adsorb.       

4.2.2 Cu(II)/Au(III) adsorption according to various concentration (Isotherm) 

Models used here are Langmuir, Freundlich and Redlich-Peterson. From the 

mathematical models shown in materials and methods session, the R-P model will 
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reduce to Freundlich model when the concentration is high; reduce to Langmuir model 

when 𝛽𝛽 = 1[96]. Thus, the relationship between R-P and Freundlich models, R-P and 

Langmuir models are called nested models. The relationship between Freundlich and 

Langmuir models is called non-nested [116].  

To evaluate the model fitting result, quality control (residual analysis) and model 

parameters were examined. Further, to compare among these three models and select 

one that is most likely to account for the dataset, corrected Akaike’s Information 

Criteria (AICc) was used because it is suitable for both nested and non-nested situations. 

For each metal isotherm dataset, two versions of modeling were done, one 

included all data point (abbreviated as “original”), and the other excluded points that 

were out-of-trend (abbreviated as “excluded”). Evaluate the quality control results from 

both datasets; then, for further adsorption energy calculation, choose the dataset that 

resulted in a better fitting result.   

4.2.2.1 Cu(II) isotherm modeling 

Figure 38 shows the plot of the isotherm test with the fitted curves. After 

performing the non-linear regression, residual analysis was done for quality control. 

Overall, the fitting results from the excluded dataset were better. Next, the estimated 

parameters will be evaluated. 

Estimated parameters from fitted models ae presented in Table 6. For both datasets, 

parameters predicted from Langmuir and Freundlich were significantly larger than 0, 

meaning that these parameters will have impacts on predicting equilibrium adsorption 

capacity, given the metal ion equilibrium concentration in the solution. On the other 

hand, the fitting result from Redlich-Peterson model showed wide standard errors for 

Kr and ar in both datasets. Because the range that the true parameter might fall in was 

rather wide, it increased the uncertainty for parameter estimation, indicating that 
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Redlich-Peterson might not be a proper model to explain this Cu(II) isotherm data. To 

select the best model, in the next session, the result from corrected Akaike’s Information 

Criteria (AICc) will be examined. 

 

 
Figure 38. Batch isotherm test: Cu-original(above); Cu-excluded(below) 
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Table 6. Cu(II) adsorption isotherm modeling result  

The reason of using AICc instead of the original AIC is that the sample size (n) 

used in this study was only around 10, comparing with the parameters being estimated 

(p), n is not much larger. The difference of AICc between models is more meaningful 

than the number itself. It represents the likelihood of one model being more correct than 

another. To be more specific, a difference of 6 corresponds to a 95% chance that the 

model with the lower score is correct.  

Table 7 shows the AICc calculation result from all fitted models. In terms of model 

selection, Freundlich model had the lowest AICc score for both datasets, indicating that 

Cu(II) adsorption on LACF was best described by the Freundlich isotherm model. 

According to previous material characterization, possible factors that might contribute 

to this heterogeneous adsorption behavior were various surface functional groups and 

ununiform pore size distribution. Both led to different adsorption attraction for 

Isotherm 
model 

Parameters Cu2+ Cu2+ 
(excluded) 

Langmuir Qmax (mmol/g) 0.189 (0.010) * 0.184(0.011) * 
 b(L/mmol) 18.698(4.747) * 20.875(5.550) * 
 Residual 

standard error 
0.046 0.045  

Freundlich Kf 0.203(0.004) * 0.201(0.004) * 
 n 3.838(0.235) * 3.925(0.215) * 
 Residual 

standard error 
0.022 0.018  

Redlich-
Peterson 

Kr 63.897(168.601) 29.900(29.120) 

 ar 316.093(832.311) 149.844(145.018)  
 𝛽𝛽 0.751(0.036) * 0.772(0.030) * 
 Residual 

standard error 
0.022 0.018  

Note: 1numbers in parenthesis are standard error.2star mark (*) means the parameter 
is significantly larger than 0  
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adsorbates, the former consisted of different oxygen-containing functional group, 

creating diverse attraction forces to adsorbates, while the latter naturally led to different 

affinity for adsorbates because not every pore diameter was in a similar scale with 

Cu(II). 

However, it is also worth noticing that, although the Langmuir model was not the 

best one for describing Cu(II) ion, its model fitting result passed the quality control test. 

Thus, Langmuir model can still be used to calculate the free-energy [96]. 

Table 7. AICc calculation for each model fitting result (Cu2+) 

Model Cu2+ Cu2+ 

(excluded) 
Langmuir -333.359 -201.636 
Freundlich -358.605 -223.228 
Redlich-Peterson -354.768 -218.688 

4.2.2.2 Au(III) isotherm modeling 

Figure 39 shows the plot of the isotherm test with the fitted curves. After 

performing the non-linear regression, residual analysis was done for quality control. 

Overall, the fitting results from the original dataset had better quality. Next, the 

estimated parameters will be evaluated. 
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Figure 39. Batch isotherm test: Au-original(above); Au-excluded(below) 

 Estimated parameters from fitted models were presented in Table 8. For both 

datasets, parameters predicted form all models were significantly larger than 0, meaning 

that these parameters had impacts on predicting equilibrium adsorption capacity, given 

the metal ion equilibrium concentration in the solution. However, the fitted parameters 

from the Redlich-Peterson exhibited a rather wide standard error, which increased the 
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uncertainty of parameter estimation. The result indicated that Redlich-Peterson model 

might not be suitable for explaining the Au(III) isotherm data. To select the most 

appropriate model, in the next paragraph, the result from corrected Akaike’s 

Information Criteria (AICc) will be evaluated. 

Table 8. Au isotherm modeling result (calculate from R) 

 Table 9 shows the AICc calculation result from all fitted models. For both datasets, 

the Langmuir model was the lowest among comparison. Therefore, it indicated that 

Au(III) adsorption on LACF was best explained by Langmuir model. Although, from 

previous chemical characterization, it is shown that the surface of the LACF contains 

functional groups, so the true relationship might not be exactly Langmuir-like (i.e. 

homogeneous adsorption sites on the material).  

Isotherm 
model 

Parameters Au3+ Au3+ 

(excluded) 
Langmuir Qmax (mmol/g) 1.595 (0.126) * 1.704 (0.148) * 

 b(L/mmol) 117.784 (32.554) * 107.794 (28.369) * 
 Residual 

standard error 
0.207  0.195  

Freundlich Kf 2.812 (0.329) * 2.972 (0.413) * 
 n 3.043 (0.341) * 2.969 (0.358) * 
 Residual 

standard error 
0.235  0.252 

Redlich-
Peterson 

Kr 310.465 (116.410) * 283.664 (95.956) * 

 ar 143.699 (47.499)* 126.925 (37.784) * 
 𝛽𝛽 0.840 (0.062) * 0.853 (0.064) * 
 Residual 

standard error 
0.167 0.159  

Note: 1numbers in parenthesis are standard error.2star mark (*) means the 
parameter is significantly larger than 0 



doi:10.6342/NTU202001308

75 

 

One possible reason that the Langmuir model described better was because Au(III) 

adsorption depended largely on 𝜋𝜋 electrons, which existed everywhere on the surface. 

Comparing to binding with functional groups, if most Au(III) ions tend to reduce to Au 

through exchanging electrons, it was possible that the surface looked rather 

homogeneous for Au(III) ions. The fitting result also served as an index, showing that 

it is reasonable to use the Langmuir model to estimate for parameters and calculate 

adsorption free energy. 

Table 9. AICc calculation for each model fitting result (Au3+) 

Model Au3+ Au3+ 

(excluded) 
Langmuir -21.20223 -20.45618 
Freundlich -5.903896 -6.367689 
Redlich-Peterson -15.55302 -14.459 

 

4.2.2.3 Calculation for Free-energy of adsorption of the system 

For copper adsorption system, Langmuir model fitting results from w/o out-of-

trend data was used for free-energy calculation, because this dataset performed better 

at goodness-of-fit. 

For gold adsorption system, because original and w/o out-of-trend dataset 

performed similar at goodness-of-fit. Langmuir model fitting results from the original 

isotherm data was used for free-energy calculation.  

Table 10 showed the necessary parameters and calculation results. The equilibrium 

concentration used in both cases were the first data point after the bending of the curves. 

According to Liu, for a dilute solution consists of charged adsorbate, it is valid to use 

Langmuir equilibrium constant to calculate free-energy if the constant is corrected with 

activity coefficient (𝛾𝛾𝑒𝑒) [117]. Calculation showed that copper adsorption system’s free-
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energy was -26.94kJ/mol, which lied between physisorption and chemisorption, and 

was closer to physisorption. Gold adsorption system’s free-energy was -33.23kJ/mol, 

which also lied between physisorption and chemisorption. Comparing to copper 

adsorption, gold adsorption might be composed of more chemisorption. 

Table 10. Free-energy calculation for Cu(II) and Au(III) 

Parameters 𝐶𝐶𝐶𝐶2+(excluded) 𝐴𝐴𝐴𝐴3+(original) 
Metal ion concentration(mM) 0.369 0.08387 

Temperature(K) 303 
𝜀𝜀(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 @ 303𝐾𝐾) 76.546 
Metal ion charge +2 +3 
𝛼𝛼(𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝𝑝𝑝) 

(cannot find Au’s, instead refer to other 3+ ion’s) 600 900 

Buffer solution 
0.05M 

𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂/𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂𝑁𝑁𝑁𝑁 
0.0584M 
𝐻𝐻𝐻𝐻𝐻𝐻/𝐾𝐾𝐾𝐾𝐾𝐾 

pH 5.4 1.79 
𝐼𝐼𝑒𝑒(𝑚𝑚𝑚𝑚𝑚𝑚/𝐿𝐿) 0.051476 0.0589 

𝛾𝛾𝑒𝑒 0.474 0.220 
b(𝐿𝐿/𝑚𝑚𝑚𝑚𝑚𝑚) 20,875 117,784 
𝐾𝐾𝑎𝑎 = 𝑏𝑏/𝛾𝛾𝑒𝑒 44,040 53,5382 

∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺0 = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾𝑎𝑎(𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚) -26.94 -33.23 

The adsorbate pH and concentration for kinetics test were determined by the above 

pH and isotherm analysis results. The optimal pH environment for Cu(II) adsorption 

was between pH = 5-6, but according to calculation, Cu(s) precipitates at around pH = 

5.5. Thus, pH = 5.4 was chosen for the following kinetics test. Au(III) performed 

similarly well among tested pH environment. Out of convenience consideration, the 

pH=2.17 was chosen as it was close to the pH value of Au(III) stock solution. 

As described in ASTM, solution concentration should be adjusted such that 10－

85% of adsorbate removal can be achieved for kinetics analysis. To compare the 

adsorption capacity of different adsorbates, Cu(II) concentration was first determined; 
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then Au(III) concentration followed. According to the Cu(II) isotherm test, the knee 

point of the plateau curve was when the initial adsorbate concentration was 0.42 mM, 

and the adsorption percentage was around 15%, satisfying ASTM regulation. Thus, 

both Cu(II) and Au(III) concentration were fixed to 0.42 mM in the following session.      

4.2.3 Cu(II)/Au(III) adsorption according to various contact time (Kinetics) 

To analyze the adsorption kinetic test, pseudo-first- and pseudo-second-order 

models were used for fitting. As kinetic data is a type of time series data, to estimate 

the quality of fitted kinetic models, “standardized residuals v.s. fitted values” plot, 

“normal Q-Q” plots, and normality tests were used. Overall, the error distribution dif 

not show severe heteroskedasticity problem and distributed normally. Thus, both first-

order and second-order models passed the quality control test. In the next session, the 

estimated parameters will be examined. 

Estimated parameters from fitted kinetic models were presented in Table 11. All 

parameters appeared to be significant, indicating that given an adsorption duration (t), 

these parameters will influence the predicted equilibrium adsorption capacity. To 

choose a model that can better explain the data, in the next paragraph, corrected AIC 

test will be performed. 
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Figure 40. Batch kinetics test: Cu(II)(above); Au(III)(below) 
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Table 11. Estimated parameters from kinetic models 

Kinetic model  Cu2+ Au3+ 

First-order qe 0.117 (0.012) * 0.906 (0.070) * 
 k 0.030 (0.009) * 0.013 (0.002) * 
Second-order qe 0.128 (0.011) * 1.029 (0.065) * 
 k2 0.354 (0.134) * 0.015 (0.003) * 
Note: 1numbers in parenthesis are standard error.2star mark (*) means the parameter 
is significantly larger than 0 

Table 12. AICc calculation for each model fitting result 

Model Cu2+ Au3+ 

First-order -626.4292 -221.0134 
Second-order -633.9946 -230.3926 

As model with a lower AICc has a higher chance to correctly account for the 

dataset, for both Cu(II) and Au(III) adsorption, second-order kinetic model was 

preferred. Pseudo-second-order model assumes that chemical adsorption may involve 

in the rate-limiting step. One possible mechanism can be valency-force dependent, for 

which adsorbate and adsorbents interacted through electron exchange.  

To sum up, according to isotherm and kinetic tests, the main mechanism for Cu(II) 

and Au(III) adsorption should consist of both physisorption and chemisorption, while 

the former had a larger impact.  

4.3 Desorption and Recycle of LACFs 

For Cu(II) and Au(III) metal ions, 3 cycles of adsorption-desorption were done, 

and the results were shown in Figure 41 and Figure 42.  
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Figure 41. 3-cycle Cu(II) adsorption-desorption 

In Cu(II) adsorption, the adsorption efficiency remained unchanged until the 

second cycle, and decreased to around 80% in the 3rd cycle. The rather stable adsorption 

performance resulted from the adsorption mechanism. As calculated before, Cu(II) 

adsorption largely involved physisorption, meaning that it was more easily to desorb. 

While the LACF was recovered more completely, it could retain the same adsorption 

capability as before.  

 

Figure 42. 3-cycle Au (III) adsorption-desorption 
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 Au(III) recover on the other hand, the adsorption capacity gradually decreased 

with the cycle number, and the regeneration rate was 50% at the 3rd cycle. At the 

macroscope, after desorption, part of the LACF retained the yellow color, along with 

the FTIR result, implying that Au(III) desorption was not done completely, a stronger 

desorption agent was needed for a better desorption result. Furthermore, this as well 

verified that, Au ions had stronger bonds with LACF, indicating that more 

chemisorption involved.  
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Chapter 5: Conclusions and Recommendations 

The study mainly focuses on two parts, the first part deal with the production of 

lignosulfonate activated carbon fiber, and the second part is the metal ion adsorption 

behavior study.   

Result showed that LACF30 and LACF60 were found to have superior physical 

properties than CF, indicating that physical activation successfully introduced desired 

pore structures. From the chemical characterization result, LACF60 stood out, because 

it was composed of significantly more acidic functional groups, including phenolic, 

carboxylic, and anhydride. Although comparing to LACF30, it had a higher weight loss, 

when it comes to adsorption application, surface function was more important. The 

acidic groups provide activation site for metal ions to bind to, along with the help of 

porous structure. Hence, LACF60 was chosen as the optimal sample to implement the 

second metal ion adsorption experiment.  

Batch adsorption experiment was used to evaluate the metal ion adsorption 

mechanism on LACF60. Adsorption capacity change according to various pH was 

implemented first to determine the better pH environment for adsorption. The result 

showed that, for copper metal ion, as pH climbed the adsorption capacity increased as 

well. However, when initial pH was larger than 5.4, Cu(II) would precipitate. Thus, the 

optimized adsorption environment for copper metal ions was set to pH = 5.4. On the 

other hand, Au(III) adsorption was not influenced by pH as much, from this experiment, 

the most suitable pH environment was around pH = 2.0. As pH changed, zeta potential 

varied. Due to the fact that Cu(II) was more sensitive to this pH change, the adsorption 

mechanism may involve electrostatic force.   

Isotherm and kinetic modeling respectively offered a quantitative way to calculate 

the adsorption energy and observe the determinative reaction step. For Cu(II) 



doi:10.6342/NTU202001308

83 

 

adsorption, Freundlich model could account for more variance in the data, while Au(III) 

adsorption was better described by Langmuir model. The result also implied a possible 

different adsorption mechanism for each of them. As Freundlich stands on the 

assumption that adsorption happens on a heterogeneous surface, Cu(II) ions might 

depend more on the physical adsorption through affinity between pores and ions. While 

the pores were not uniform, it may contribute to the heterogeneous adsorption behavior. 

Langmuir model stands on the assumption that adsorption is homogeneous. Among 

LACF, the crystalized graphite structure is where the homogeneous adsorption might 

occur. If Au(III) was mainly adsorbed on the area, it may rely on the pi electrons on the 

basal panel, precipitating to the solid form as soon as being adsorbed.  

The kinetic result provided evidence that Cu(II) and Au(III) adsorption were both 

a mix of physisorption and chemisorption, with the former being closer to pure-

physisorption. Another evidence for supporting the result was the FTIR spectra on 

metal-ion adsorbed samples. Peaks regarding carboxylic groups were altered, 

indicating that it may involve in the adsorption process through ion exchange or 

complexation mechanism. To sum up, possible mechanisms for Cu(II) adsorption 

include van der Waals force, electrostatic force, and ion exchange, while Au(III) 

adsorption involved microprecipitation, and ion exchange mechanism.  

 Finally, LACF was also tested for regeneration. The result implies that, after 3 

cycles of adsorption-desorption, no matter for Cu(II) or Au(III) adsorption, LACF was 

still functional. However, as Au(III) adsorption was more difficult to desorb, stronger 

recover reagent is needed for a more efficient recovery. All in all, lignosulfonate 

activated carbon fiber was useful for recovering valuable metal ions. Production-wise, 

it naturally consists of sulfur elements that are beneficial to adsorption; function-wise, 
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comparing to traditional granular form, the fiber form is more convenient for recycling, 

and adsorb compatibly effective.    
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