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In recent years, extensive use of modern medicines and incompetency of conventional 
wastewater treatment systems have led to contamination of antibiotics in the environment especially in lower 
income countries. Antibiotics could interact with bacteria in the environment forming resistance to the 
medicine. Antibiotics also disrupt the balance of ecosystems affecting various lifeforms. Norfloxacin is a 
common antibiotic in Thailand with reported levels of contamination in Bang Pakong River. Adsorption 
process is a cheap and effective approach to remove antibiotics from wastewater effluent. Activated carbon 
is a common adsorbent in adsorption process due to its porous properties. Agricultural waste presents as an 
inexpensive and renewable precursor for activated carbons. Turmeric waste is an abundant and clean 
agricultural waste that is a novel activated carbon precursor. Turmeric waste activated carbon was prepared 
by the environmentally friendly CaCl2 under nitrogen atmosphere at 500-900 °C (TWAC500-900). The 
optimal carbonization temperature was 700 °C. TWAC700 was partly graphitized, and the surface contained 
C ≡ C, C = O, and C – H functional groups. Porosity of TWAC700 included BET surface area 334 m2/g, 
considerably high mesopore volume 0.362 cm3/g, and micropore volume 0.0954 cm3/g. TWAC700 showed 
high Norfloxacin removal efficiency (96.1%) with maximum monolayer adsorption capacity at 41.7 mg/g. 
The adsorption isotherm was in accordance with the Langmuir adsorption model which describes the 
monolayer adsorption on homogeneous surface. Turmeric waste activated carbon supports bio-circular-green 
economy model by adding value to agricultural waste, at the same time providing a new activated carbon for 
antibiotic residue removal in wastewater through adsorption process. 
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Chapter 1 

Introduction 

 

1.1 Background and Motivations 

 Global increase in population size and improved access to medical care have led to 26.2 
percent increase in antibiotic use from the last 15 years [1]. Norfloxacin (NOR) is a common 
antibiotic used to treat urinary tract infections (UTIs) and diarrhea. NOR is a popular antibiotic in 
Thailand. NOR is usually prescribed by doctors, but people can also buy it from any pharmacy 
without prescriptions. Similar to other medicines, NOR is not completely metabolized in the 
human body with 30% of the dose excreted unchanged in urine in the first 24 h after 
administration [2]. Antibiotic is a pharmaceutical and personal care product (PPCP) which in 
recent years has been categorized as an emerging pollutant (EP). EP refers to a group of chemical 
compounds that are not regulated by law and their adverse effect on the environment is not fully 
known. In NOR case, hospital and municipal wastewater treatment system cannot effectively 
remove NOR in effluent leading to contamination in surface and ground water. In Thailand, 1.79-
20.75 μg/l of NOR contamination was found in Bang Pakong River. Locating upstream of the 
collection points was a large hospital “Chao Phraya Abhaibhubejhr Hospital” where 5.04 μg/l of 
NOR was found in the wastewater treatment effluent. Another smaller hospital “Bang Pakong 
Hospital” had 2.53 μg/l of NOR contamination after treatment as well [3]. The reported levels of 
NOR in Bang Pakong River was enough to negatively affect organisms in the water. By nature, 
NOR being an antibiotic, it interferes with bacteria both in human body and outside. NOR is 
found to interact with degradation of other harmful chemicals such as herbicides allowing them to 
exist in water longer than normal [4]. Therefore, the danger of NOR in the environment does not 
come solely from NOR toxicity but from other chemicals as well. At present, there is no specific 
regulation of the acceptable level of NOR in wastewater treatment facility outputs in Thailand.  
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 Typically, wastewater treatment systems are divided into 3 parts (i) primary treatment to 
remove larger solid particles, (ii) secondary treatment which is a biological process to degrade 
organic compounds, and (iii) tertiary treatment where leftover phosphates, nitrates, and other 
compounds are removed. Since many of the conventional secondary wastewater treatment 
techniques such as activated sludge and oxidation ditch, are incapable of completely treating 
NOR, an improvement to the system is needed. Adsorption process could be easily added as a 
tertiary step to catch all the leftover antibiotics. Commercial activated carbon is a common but 
costly adsorbent, so a lot of research has focused on finding low-cost adsorbents such as activated 
carbon from agricultural waste. 

 Turmeric is a traditional Thai herb with various medicinal properties including 
antimicrobial activity, and antibacterial activity in gastric system and skin. These properties are 
due to its active chemical “curcuminoids”; thus, turmeric has gained tremendous popularity in 
recent years. Products like turmeric essential oil and especially turmeric extract capsules are sold 
in almost every pharmacy. This high demand for turmeric products leads to high production 
creating waste from the discarded part of turmeric rhizome after extraction. This waste currently 
has no destination except for disposal. Turmeric waste presents some attractive features for being 
a raw material including low cost, abundance, easy collection from one location, and it is clean 
from being through a food-grade process. In an average production year, a turmeric product 
manufacturer can create up to 54 wet metric tons of turmeric residue. Turmeric waste is 
considered an agricultural waste that is rich in cellulose, hemicellulose, and lignin. 

 From the abovementioned reasons, turmeric waste presented as a potential activated 
carbon precursor due to its lignocellulosic structure and ease of collection. The obtained turmeric 
waste activated carbon would also be the solution to NOR contamination as the carbon could be 
conditioned to effectively adsorb NOR from wastewater. In conclusion, preparation of turmeric 
waste activated carbon was proposed in this work and to further explore turmeric waste activated 
carbon’s potential as NOR adsorbent. 
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1.2 Objectives 

1. Value adding of turmeric waste 
2. To study Norfloxacin adsorption capacity and characteristic by the prepared activated 

carbon 
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1.3 Scopes 

Part 1 Activated carbon synthesis from turmeric waste 
- Synthesis of activated carbon from turmeric waste under nitrogen atmosphere by 

chemical activation through impregnation with calcium chloride (ratio CaCl2 : turmeric 
waste = 1:1). Gas flow rate 100 cm3/min, heating rate 10 °C/min, 2 h. 

- Variable: carbonization temperature 500 - 900 °C 

Part 2 Norfloxacin adsorption by the activated carbon obtained from part 1 
- Batch adsorption experiments divided into 5 parts 
1. Effect of carbon dosage, 0.25 - 3 g/l, initial Norfloxacin concentration 10 mg/l, 

temperature 25 °C, 24 h 
2. Effect of initial concentration, 10 - 200 mg/l, temperature 25 °C, 24 h 
3. Adsorption equilibrium, initial Norfloxacin concentration 5 - 200 mg/l, temperature 25 

°C, 24 h 
4. Adsorption kinetics, time 0 - 72 h, initial Norfloxacin concentration 40 mg/l, temperature 

25 °C 
5. Adsorption thermodynamics, temperature 20 - 40°C, initial Norfloxacin concentration 20 

- 80 mg/l, 24 h 
 

1.4 Expected outcomes 

- a method to add value to turmeric waste 
- a mean to treat antibiotic contaminated water via adsorption using activated carbon 

synthesized from turmeric waste
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Chapter 2 

Theory and Literature Review 

 

2.1 Turmeric 

Turmeric, scientific name Curcuma longa Linn., belongs to the Zingiberaceae family. 

Turmeric is commonly grown in South Asia and Southeast Asia. In Thailand, there are 4,431 Rais 

(ไร่) of turmeric cultivation land. In 2018, 3,462,950 kg of fresh turmeric rhizomes are grown in 

total. Statistics of turmeric cultivation in Thailand are shown in Table 1 in descending order 

below. 

Table  1 Statistics of turmeric cultivation in 2018 [5] 

Province Cultivation area (Rai) Harvest (kg) 
Kanchanaburi (กาญจนบุรี) 2,570 2,523,000 
Prachinburi (ปราจีนบุรี) 419 690,000 
Surat Thani (สุราษฎร์ธานี) 386 - 
Phang-Nga (พงังา) 357 - 
Nakhon Si Thammarat (นครศรีธรรมราช) 113 80 

 

 The biggest turmeric producer and exporter is India. In 2018, India’s highest producer 

state Telangana harvested 294,560 metric tons. The runner ups Maharashtra and Tamil Nadu 

produced 190,090 and 116,00 metric tons, respectively [6]. Turmeric export value of each country 

is shown in Table 2.  

Turmeric extract can be divided into two types: essential oil and curcuminoids. Essential 
oil is yellow, found abundantly in the root and rhizome. Curcuminoids are a group of active 

compounds consisting of curcumin, demethoxycurcumin, and bisdemethoxycurcumin. Their 
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chemical structures are illustrated in Fig. 1. Turmeric extract is widely known for its medicinal 

properties for instance antimicrobial activity, and antibacterial activity in gastric system and skin 

[7]. 

Table  2  List of the biggest turmeric exporters and export value in 2019 [8] 

Country Export value (million USD) 
India 194.35 
UK 4.91 
USA 4.66 
Germany 4.47 
Spain 2.64 
Belgium 1.69 

 

 

Curcumin; R1 = R2 = OCH3 

Demethoxycurcumin; R1 = H, R2 = OCH3 

Bisdemethoxycurcumin; R1 = R2 = H 

Figure  1 Chemical structures of curcuminoids 
 

 Apart from its active compounds, turmeric contains cellulose, hemicellulose, and lignin. 

Turmeric waste, the residue of curcumin extraction process, was used as a precursor to isolate 

cellulose nanofiber through hydrolysis and high-pressure homogenization process. The obtained 

nanofiber retained turmeric’s antimicrobial property against Bacillus cereus, Escherichia Coli, 
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Salmonella typhimurium, and Staphylococcus aureus bacteria [9]. The nanofiber was also 

crosslinked with chitosan and starch from potato and cassava to form a nanocomposite film [10]. 

2.2 Norfloxacin 

Norfloxacin belongs to the Fluoroquinolone antibiotic group. Other medicines in this 

group include Ciprofloxacin, Levofloxacin, and gatifloxacin. It is primarily used to treat urinary 

tract infections and diarrhea from bacterial infections. Norfloxaxin has a direct effect on 

Echerichia coli, E coli. in short, which causes acute diarrhea. The mode of action is through 

inbitition of DNA gyrase enzyme in bacterias which is essential to bacteria DNA production 

preventing bateria from multiplication [11]. 

In Thailand, NOR is categorized into category A (บญัชี ก) in Thailand National List of 

Essential Medicines (NLEM) meaning that the medicine is the standard one that is used to treat 

common health issues with sufficient evidence and experience in Thailand, and that it would be 

the first medicine of choice [12]. Pharmacies normally have NOR readily available, and purchase 

can be made without a prescription. NOR exists in only an oral pill form unlike its counterpart 

Ciprofloxacin which comes in the form of oral pills and injections administered by a nurse.  

2.2.1 NOR contamination in the environment 

The extent of negative effect of NOR on the environment has not been fully understood 

yet as NOR is categorized as an emerging pollutant. Emerging pollutants are a group of chemical 

compounds that are not commonly monitored in the environment and have recently been 

identified as dangerous to the environment, and consequently to the health of human beings [13, 

14]. 

NOR is rather stable and recalcitrant to degradation in the environment from its aromatic 

structure [15, 16]. NOR and other antibiotics are considered EPs of high concern because not only 

do their cumulative toxic effect on the environment not fully known but their continued existence 
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in growing amount promotes the development of bacteria resistance. Futhermore, because of their 

antimicrobial nature, antibiotic can alter the biodiversity in aquatic eosystems as well as 

interfering with the microorganisms in wastewater treatment process [17].  

 

Figure  2 Major sources of antibiotic in the environment (Modified from [18]) 

There are several ways that NOR and other antibiotics can enter the water environment 
as illustrated in Fig. 2. The major contaminations came from two sources which are residues in 
hospital and pharmaceutical manufacturing wastewater. The contamination levels could go up to 
100-500 mg/l in some cases [19]. It is evident that wastewater treatment plants (WWTPs) in many 
countries still cannot effectively remove NOR and other antibiotics from their effluent. In a 
developed country, Finland, a population of 1,000 individuals was estimated to create 36 ± 48 mg 
of NOR per day in wastewater influent. WWTPs would treat NOR and bring the contamination 
level down to 2 ± 8 mg per day per 1,000 people, thus leaving a good amount of NOR in the 
effluent [20]. 

There were also reports of significantly higher concentrations of NOR in water bodies 
downstream of pharmaceutical factories and WWTPs than upstream, and accumulation in the 
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nearby sediment. Patanchery Enviro Tech Ltd. (PETL) is a WWTP for 90 bulk pharmaceutical 
manufacturers in Patancheru, India, treating 1,500 m3 of wastewater per day. NOR was found in 
the effluent of the plant at 25,000 ng/l. A lake locating upstream of PETL detected various 
medicine contamination including NOR 60,000 – 520,000 ng/l. Another lake upstream of PETL 
contained 91,000 – 200,000 ng/l of NOR. Moreover, up to 31 ng/l of NOR was found in a 
groundwater well in a nearby village. Downstream of the WWTP is Isakavagu-Nakkavagu River 
where up to 4,700 ng/l of NOR was detected [21].  

A study in Kenya investigated the contamination of antibiotics including NOR in WWTP 
effluent, surface water, and river sediment. The Machakos WWTP in Machakos town, Kenya 
utilized waste stabilization ponds for wastewater treatment providing for 7.6% of the population 
of 50,753. The samples were collected twice during the year: in January, and in September (most 
arid month).  NOR was found in the WWTP effluent in aqueous phase and suspended particulate 
matter phase at 4.2 μg/l and 82,267 μg/kg, respectively. There was an increase in NOR 
concentration in the Mitheu river 500 meters upstream and downstream of the WWTP discharge 
point. In September, NOR upstream and downstream concentrations were 1.6 μg/l and 4.9 μg/l 
respectively. In January the concentrations were lower, NOR upstream and downstream were 0.6 
μg/l and 2.2 μg/l, respectively [22]. It can be concluded that especially in lower income 
countries, the effective mean to remove NOR from wastewater is lacking.  

In Thailand, large hospitals, such as Chao Phraya Abhaibhubejhr Hospital detected 5.04 

μg/l of NOR in hospital wastewater after the activated sludge oxidation ditch process. In Bang 

Pakong Hospital, a small hospital, 2.53 μg/l of NOR was found following the oxidation pond. A 

pig farm in the same area reported 39.2 μg/l of NOR in their discharge water. Both hospitals and 

the pig farm are located near Bang Pakong River where during the rainy season 1.79 - 20.75 μg/l 

of NOR was detected [3].  

Another method to keep track of EPs in the environment is through biomonitoring 

organisms. Bivalves are common biomonitoring organisms because they feed by filtering food 

suspended in water. They retain 90% of the compounds that go into their bodies allowing them to 
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have information about the concentration levels that they live in. Many of the bivalves are also 

seafood meaning whatever contaminants they have in their bodies could enter a human [17]. Ten 

mollusk species from coastal cities along the Bohai Sea, China, were found to contain an average 

of 18.82 ng/g dry weight of NOR, range 0 - 370 ng/g dry weight [23]. Three mollusk species from 

Pearl River Delta had a mean NOR contamination of 31 ng/g wet weight, range 0 – 256 ng/g wet 

weight [24].
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2.2.2 Studied adverse effect of NOR in the environment 

Some of the abovementioned levels of NOR contamination in the environment in Table 3 

exceeded the PNEC-ENV (environmental predicted no-effect concentration) at 120 μg/l meaning 

that NOR can exist up to this particular concentration without adverse effect to the environment 

[25]. 

Examples of studied negative effects to the ecosystem and enironment are as followed. 

Firstly, trace levels of NOR in natural water was found to impact marine life. 0.1 mg/l of NOR 

can negatively alter the biochemicals in zebrafish, such as stimulating their glutathione 

peroxidase enzyme action [4].  

NOR mixed in soil also inhibited that disemmination and degradation of several 

herbicides including simazine, atrazine, terbuthylazine, acetochlor, and metolachlor. When the 

contamination exceeded 5 mg/kg for 30 days, the half life of simazine increased from 16.1 days to 

19.3 days, and the leftover simasize in soil increased from 24.2% to 30.4% [11]. 

 A study on a freshwater plankton species, Daphnia magna, found that high NOR 

concentrations of significantly increased the mortality rate from 2% at 50 mg/l to 100% at 400 

mg/l in 96 h compared to the control mortality rate. At sublethal levels, NOR concentrations of 

25, 50, and 100 mg/l reduced average swimming ability by 22.1%, 44.3% and 61.5%, 

respectively, after 12 h of exposure. After 4-12 h of exposure to 25-100 mg/l NOR, feeding rate 

was also greatly affected [26]. 

2.2.3 Norfloxacin properties  

Another common name for NOR is Noroxin. 2-D chemical structure of NOR and the 3-D 

version are presented in Fig. 3 and 4 respectively. 
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Figure  3 2-D chemical structure of NOR 
(source: https://en.wikipedia.org/wiki/Norfloxacin) 

  

 

Figure  4 3-D chemical structure and dimension of NOR 

(source: https://commons.wikimedia.org/wiki/File:Norfloxacin_molecule_ball.png) 

 

0.875 nm 

0.479 nm 
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Figure  5 Molecular structure of NOR and its ionic forms as a function of pH [27] 

 NOR is a zwitterion meaning it exists in both cationic and anionic form depending on the 

solution pH. Fig. 5 depicts the form of NOR at pH 3 – 12. NOR undergoes two diassociation 

when dissolved in water: pKa1 = 6.22, and pKa2 = 8.51. Properties of NOR can be found in Table 

4. 

Table  4 NOR experimental properties [28] 

Property Name Property Value 

Molecular weight 319.331 

Melting point 227 °C 

Water solubility 280 mg/l at 25 °C (pH dependent) 

pKa pKa1 = 6.22, pKa2 = 8.51 

 

2.3 Activated carbon 

Activated carbon or activated charcoal is a carbon material that has porous structure and 

high surface area. Pores in activated carbon are of varying sized which can be categorized as 

micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm) according to IUPAC. For 
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organic emerging pollutant adsorption,  mesopores are the most desirable because they’re larger 

than a lot of organic pollutant molecules while still providing higher surface area than macropores 

[ 2 9 ] . Additionally, mesopores facillitates the transportation of adsorbates to micropores from 

molecules that can fit inside micropores. Examples of organic pollutant compounds and their 

dimension are given in Table 5. 

able  5 Structure and dimension of organic pollutant compounds [30] 

Organic compounds Structure dimension (nm) 

Phenol 
 

0.51 x 0.37 x 0.33 

Aniline 
 

0.51 x 0.43 x 0.41 

Methyl orange 

 

1.31 x 0.55 x 0.18 

Methylene blue 

 

1.26 x 0.77 x 0.65 

Rhodamine B 

 

1.59 x 1.18 x 0.56 

Victoria blue B 

 

1.47 x 1.41 x 0.44 
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2.4 Biomass and agricultural waste 

 Biomass is a renewable organic material that comes from plants. Biomass consists of 

three main biopolymer compounds; cellulose, hemicellulose, and lignin, at different 

compositions. Carbon, oxygen, and hydrogen are the elements that are found in lignocellulosic 

structure. These lignocellulosic compounds play different roles in biomass. Cellulose is a straight 

chain biopolymer which is the main fiber making up cell walls of plant cells. Hemicellulose is a 

branch biopolymer works to straighten the cell walls by binding with cellulose. Lignin acts like a 

glue between fibers supporting the structure of the plant and adding rigidity. The structures of 

cellulose, hemicellulose, and lignin are displayed in Fig. 6 – 8 respectively. 

 

Figure  6 Structure of cellulose 
[https://en.wikipedia.org/wiki/Cellulose] 

 

Figure  7 Structure of hemicellulose [31] 
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Figure  8 Structure of lignin [32] 

2.5 Carbonization process 

Carbonization process is the conversion of biomass to carbonaceous material by a heat 

treatment process called pyrolysis. During the process, biomass is heated under limited oxygen 

atmosphere and chemical bonds in cellulose, hemicellulose, and lignin decompose. Pyrolysis 

products include gas, tar (liquid), and char (solid) [33, 34]. 

2.6 Activation process 

The char products from carbonization process still have low porosity and low adsorption 

capabilities. Activation process is where the porous properties are enhanced. There are two types 

of activation methods: chemical activation, and physical activation (thermal activation). Fig. 9 

shows the steps of biomass conversion to activated carbon through chemical activation and 

physical activation. 

2.6.1 Chemical activation  

Chemical activation involves a presence of an activating agent, most commonly 

ZnCl2, H3PO4, KOH, HCl, etc [35]. Each chemical has different mode of action and 
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affects porosity differently. The biomass can be carbonized and activated simultaneously 

in the same chamber in chemical activation. The ratio of chemical activating agent and 

activation temperature are also vital to the porous structure, pore distribution, surface 

area, and surface functionality of the activated carbon product [36]. 

2.6.2 Physical activation 

Commercially, physical activation is a two-step process. The first step is 

carbonization in an inert atmosphere, such as N2. The second step is the activation under 

oxidising atmosphere, such as steam, CO2, or a mixture of CO2, N2 and air [35]. Physical 

activation typically requires higher temperature than chemical activation at 800 - 1,000 

°C which leads to higher energy consumption as well. 

 

Biomass 

Carbonization 
Impregnation with  

activating agent 

Carbonization/Activation Activation 

Removal of residues 

Activated carbon Activated carbon 

Chemical activation Physical activation 
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Figure  9 Activated carbon synthesis from biomass via chemical and physical activation 
flowchart 

2.7 Adsorption 

Adsorption is the adhesion of the adsorbate from a gas or liquid to the adsorbent surface. 

The adsorbate can be both organic and inorganic. Factors that affect adsorption include the 

surface area and porosity of the adsorbent, particle size, functional groups on the surface, 

temperature, pH of the solution, and concentration of the adsorbate, etc [37]. As illustrated in Fig. 

10, adsorption process occurs in 4 steps as described in the following. 

 (1) Transportation of adsorbate molecules or ions from bulk solution to the boundary 

layer of the adsorbent. This step is rapid; therefore, it is not considered to be a rate-limiting step 

candidate. 

 (2) External diffusion of adsorbates from the boundary layer to the surface. 

 (3) Internal diffusion of adsorbates from the surface. (Intraparticle diffusion). 

 (4) Adsorption on active sites. 
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Figure  10 Transport processes during adsorption by a porous adsorbent [38] 

2.7.1 Types of adsorption 

2.7.1.1 Physical adsorption  

This mode of adsorption is caused by physical forces. Since it’s nonspecific, it 

could be a multi-layered process. Physical adsorption is weaker than chemical 

adsorption. The energy of physical adsorption is less than chemical adsorption. 

2.7.1.2 Chemical adsorption 

Chemical adsorption is caused by chemical bonding between the adsorbate and 

adsorbate and adsorbent. Though more selective than physical adsorption, it is far 

stronger. The energy of chemical adsorption is higher than physical adsorption. Surface 

functionality greatly affects chemical adsorption. Since the adsorption occurs at specific 

adsorption sites at the surface, it’s a monolayer process. 

 In the quantitative part of adsorption experiment, the removal percentage and adsorbate 

uptake per mass of adsorbent are essential. The removal percentage (%removal) and norfloxacin 

(NOR) uptake at equilibrium (qe) are calculated by eq (1) and (2): 

%removal = (
C0−Ce

C0
) × 100    

 (1) 

qe =
(C0−Ce)V

W
     

 (2) 

 where %removal is NOR removal percentage,  

qe is the NOR uptake at equilibrium (mg/g),  

C0 is the initial concentration of adsorbate (mg/l),  

Ce is the equilibrium concentration of adsorbate (mg/l),  

V is the volume of the solution (l),  

W is the mass of the adsorbent (mg). 
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2.8 Adsorption isotherm models 

 Adsorption isotherms provide information on the mechanism of adsorption and 

behaviour of adsorbate is solid and liquid system. In this work, 3 common isotherm models were 

selected: Langmuir, Freundlich, and D-R [39, 40]. 

2.8.1 Langmuir isotherm model 

 Langmuir model assumes that (1) the adsorption is a monolayer adsorption on 

homogeneous surface; (2) there is no interaction between adsorbate molecules; (3) each site can 

only hold one molecule; (4) heat of adsorption is constant. Non-linear Langmuir model is written 

in eq (3) [41]. 

qe =
qmKLCe

1+KLCe
     

 (3) 

where  qe is the NOR uptake at equilibrium (mg/g),  

KL is the Langmuir isotherm constant (l/mg) relating to energy of adsorption,  

Ce is the equilibrium concentration of adsorbate (mg/l),  

qm is the maximum monolayer adsorption capacity (mg/g).  

Furthermore, Langmuir isotherm can be expressed as a dimensionless term RL shown in 

eq (4). 

RL =
1

1+KLC0
     

 (4) 

 where  RL is the Langmuir separation factor,  

KL is the Langmuir isotherm constant (l/mg),  

C0 is the initial concentration of NOR (mg/l).  

RL describes the shape of the isotherms to be either favourable (RL < 1), linear (RL = 1), 

or unfavourable (RL > 1). 
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2.8.2 Freundlich isotherm model 

Freundlich isotherm model is an empirical model which assumes that (1) the adsorption 

is a multilayer adsorption on heterogeneous surface; (2) adsorbate molecules interact with one 

another; (3) heat of adsorption is not constant. Non-linear Freundlich model is written in eq (5). 

qe = KFCe
1/n     

 (5) 

 where  KF is the Freundlich constant (mg/g)(1/mg)1/n,  

n is a dimensionless term regarding the magnitude of surface heterogeneity. If n 

> 1, the adsorption is favourable. 

2.8.3 Dubinin-Radushkevitch (D-R) isotherm model 

 D-R model is a temperature-dependent semiempirical model often used to express 

adsorption mechanism with Gaussian energy distribution onto a heterogeneous surface [42]. D-R 

isotherm is expressed as follows in eq (6 – 8) [39]: 

qe = qDRe
−KRDε

2     (6) 

ε = RTln(1 +
1

Ce
)     (7) 

E =
1

√2KDR
      (8) 

 where  qDR is the D-R adsorption capacity (mg/g),  

KDR is a constant related to the adsorption energy (mol2/kJ2),  

ɛ is the Polanyi potential,  

R is the gas constant (J/mol·K),  

T is the absolute temperature (K), 

E is the free energy of  adsorption per molecule of adsorbate (kJ/mol). E value can 

distinguish the adsorption mechanism. E < 8 kJ/mol is physical adsorption, 8 kJ/mol < E < 16 

kJ/mol is chemical adsorption, E > 16 kJ/mol is ion exchange. 
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2.9 Adsorption kinetics models 

 Adsorption kinetics refers to the study of rate of adsorbate uptake by the activated 

carbon. Kinetic models give information about adsorption pathways and probable adsorption 

mechanism. 4 adsorption kinetics models are employed: Pseudo first order model, Pseudo second 

order model, Elovich model, and Intra-particle diffusion model [39, 43]. 

 The adsorbate uptake at a given time is calculated by eq (9).  

qt =
(C0−Ct)V

W
     

 (9) 

where qt is the amount of NOR uptake at a given time t (mg/g),  

C0 is the initial concentration of adsorbate (mg/l),  

Ct is the remaining concentration of adsorbate at time t (mg/l),  

V is the volume of the solution (l), 

W is the dry mass of the adsorbent (mg). 

2.9.1 Pseudo first order model (PFO)  

PFO model is one of the most common models. The Lagergren differential form is shown 

in eq (10). The integrated non-linear form is written in eq (11). Experiments that PFO describes 

usually have high initial concentration of adsorbate allowing for quick adsorption.  

dqt

dt
= k1(qe1 − qt)     (10) 

    qt = qe1[1 − exp(−k1t)]    (11) 

where k1 is the PFO rate constant (1/min),  

qt is the amount of NOR uptake at a given time t (mg/g),  

t is the elapsed time (min), 
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qe1 is the amount of NOR adsorbed at equilibrium according to the PFO model 

(mg/g). 

2.9.2 Pseudo second order model (PSO)  

The differential equation for PSO and the integrated non-linear form are written in eq 

(10) and (11), respectively. 

dqt

dt
= k2(qe2 − qt)

2    

 (12) 

qt =
k2qe2

2 t

1+k2qe2t
     

 (13) 

where k2 is the PSO rate constant (g/mg·min),  

qe2 is the amount of NOR adsorbed at equilibrium according to the PSO model 

(mg/g). 

 The initial adsorption rate is given by h in eq (14), calculated by k2 and qe2 obtained from 

the PSO model. 

h = k2qe2
2       (14) 

 where h is the initial rate of adsorption (mg/g·min). 

2.9.3 Elovich model 

 Elovich model describes multilayer adsorption on heterogeneous surface based on a 

kinetic principle that rate of adsorption decreases exponentially with the increase in adsorbate 

uptake [44]. Elovich model is written in eq (15-16). 

    dqt

dt
= αexp(−βqt)     (15) 

qt =
1

β
ln(1 + αβt)     (16) 
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 where α is the initial adsorption rate (mg/g·min), 

β is the desorption constant (g/mg). 

2.9.4 Intra-particle diffusion model (IPD) 

 The linear IPD model equation is written in eq (17) [45]. Proposed by Weber and Morris, 

when the regression of eq (17) passes through the origin, intra-particle diffusion is the rate-

limiting step. 

qt = kit
0.5 + Ci    

 (17) 

where ki is the IPD constant (mg/g·min1/2), 

Ci is the y-intercept of the regression and IPD constant associated with the film 

thickness. (mg/g). 

2.10 Adsorption thermodynamics 

Thermodynamics can give important information about spontaneity and energy of 
adsorption. Van’t Hoff equation, eq (18), connects the change of equilibrium constant (Kc) to the 
change of temperature. Kc is calculated from KL in Langmuir isotherm model through eq (19). 
ΔG is calculated by eq (20). 

ln(KC) =
∆S

R
−

∆H

RT
     (18)  

KC = KL ×MWA × 55.5 × 1000    (19) 

∆G = ∆H − T∆S     (20) 

where Kc is the equilibrium constant, 

 R is the gas constant, 8.314 J/mol·K, 

 T is the temperature (K), 

 ΔG is the change in Gibb’s free energy (kJ/mol), 
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 ΔH is the enthalpy change (kJ/mol), 

 ΔS is the entropy change (J/mol·K), 

 KL is the Langmuir isotherm constant (l/mg) relating to energy of adsorption, 

 MWA is the molecular weight of adsorbate (g/mol). 

2.11 Activated carbon from turmeric waste 

Several activated carbons were created from industrial turmeric waste from Erode City, 
Tamil Nadu, India, through chemical activation at 800 °C. The activating agents include HCl, 
H2SO4, ZnCl2, Na2SO4, Na2CO3, CaCO3, CaCl2, H2SO4+NH4S2O8, H2SO4+H2O2, resulting in 
activated carbon with surface area 790, 361, 1350, 352, 291 ,221, 1264, 898, 703 m2/g, and Iodine 
number 755, 342, 1265, 332, 282, 212, 1210, 839, 676 mg/g, respectively. The carbon that was 
activated by CaCl2 was then used to adsorbed direct orange dye (anionic), acid blue 40 (anionic), 
basic red (anionic), and Cibacron brilliant yellow (cationic), the removal efficiencies were 55%, 
86%, 30%, และ 51% respectively [46].  

Another turmeric waste activated carbon study was also from Erode, India. Activated carbon 
generated from turmeric waste in a previous study, particle size 106.25 μm, was packed into a 
fixed bed column to remove acid blue 25 dye. The column’s inner diameter was 3.35 mm. It was 
found that the adsorption efficiency within initial dye concentration range 20 – 60 mg/l was 60.9 
– 90.8% with 38 – 115 retention time. It was concluded that turmeric waste activated carbon can 
remove dye from wastewater [47]. 

2.12 Norfloxacin adsorption 

 Other works regarding NOR adsorption are compiled in Table 6, categorized into 4 

groups as follows: carbon nanotube, synthetic material, biomass-based material, and commercial 

activated carbons. For example, activated carbon from Fisher Scientific showed the higher NOR 

adsorption capacity than three carbon nanotubes: carboxylated carbon nanotube, graphitized 

carbon nanotubes, hydroxylated carbon nanotubes, because of activated carbon’s high surface 

area (664 m2/g) [48].  
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From group 3 biomass-based, cauliflower roots were used as the precursor to synthesize 

biochar via carbonization in a muffle furnace under limited oxygen atmosphere at 500 °C for 6 

hours. The obtained biochar had total pore volume, micropore volume, and mesopore volume of 

0.15, 0.07, and 0.08 cm3/g respectively. SBET was 232.15 m2/g. The cauliflower root biochar was 

used to adsorb NOR to study adsorption isotherms, kinetics, and thermodynamics. The Langmuir 

maximum monolayer adsorption capacity (qm) was 29.50 mg/g [19]. 

Activated magnetic biochars (AMB) were derived from corn stalks (CAMB), reed stalks 

(RAMB), and willow branches (WAMB) by simultaneous carbonization, magnetization, and 

activation. They had a large specific surface area (> 700 m2/g) and pore volume (> 0.3 cm3/g). 

Corn activated magnetic biochar had the highest NOR adsorption capacity out of the three 

adsorbents (CAMB, RAMB, WAMB) at 7.247 mg/g despite not having the highest porosity [49]. 

 Another group of excellent NOR adsorbent is synthetic materials. Commercial 

hypercrosslinked resin (MN-202), aminated polystyrene resin (MN-150), and macroporous resin 

(XAD-4) were used to adsorb NOR. The resin MN-202 and MN-150 had a mixed pore structure 

with considerable amount of mesopores. Their NOR adsorption capacities were MN-202 > MN-

150 > XAD-4. It was likely that the adsorption mechanism for XAD-4 was hydrophobic effect 

while MN-202 and MN-150 mechanism was pore filling with the help of hydrophobic effect, 

electrostatic interaction, H-bond and π–π electron interactions [50]. 
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Table  6 List of other adsorbents in literature and their NOR adsorption capacities 

Adsorbent 
SBET 

(m2/g) 
Pore volume 

(cm3/g) 
Pore size 

(nm) 

 
Qm 

(mg/g) 
Ref 

Group 1 Carbon nanotubes 
1. Carboxylated multiwall carbon nanotube 160 - 0.564 88.50 [50] 
2. Graphitized carbon nanotubes 117 - - 57.55 [48] 
3. Carboxylated carbon nanotubes 164 - - 54.44 [48] 
4. Hydroxylated carbon nanotubes 228 - - 76.34 [48] 
Group 2 Synthetic materials 
5. Hyper-crosslinked resin 1160 - 5.19 185.2 [50]  
6. Aminated polystyrene resin 815 - 5.45 149.3 [50] 
7. Macroporous resin 880 - 5.80 153.8 [50] 
8. Iron-doped activated alumina (Al2O3/Fe) 141 - - 32.55 [51] 
9. Fe-MCM-41 molecular sieves 961 VT = 0.90 3.75 102.9 [52] 
Group 3 Biomass-based materials 
10. Pomelo peel-based biochar 1.71 VT = 0.003 5.90 34.88 [53] 
11. Cauliflower roots biochar 232 VT = 0.15 

Vmic = 0.07 
Vmeso = 0.08 

- 31.15 [19] 

12. Cassava waste KOH-modified biochar 128 VT= 0.010 2.42 1.960 [54] 
13. Corn activated magnetic biochar 761 VT = 0.37 - 7.247 [49] 
14. Reed activated magnetic biochar 778 VT = 0.33 - 3.514 [49] 
15. Willow activated magnetic biochar 857 VT = 0.40 - 6.259 [49] 
16. Hematite-reed straw biochar composites 135 VT = 0.086 2.54 4.074 [55] 
17. Pyrite-reed straw biochar composites 54.5 VT = 0.053 3.90 5.106 [55] 
18. Granular activated carbon from maize 
straw 

1200 VT = 1.31 
Vmic = 0.13 

- 112.8 [56] 

19. Biochar derived from luffa sponge 822 - 5.35 278.0 [57] 
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Table 6 [continued] List of other adsorbents in literature and their NOR adsorption capacities 

Adsorbent 
SBET 

(m2/g) 
Pore volume 

(cm3/g) 
Pore size 

(nm) 

 
Qm 

(mg/g) 
Ref 

Group 4 Commerical activated carbons 
20. Commercial activated carbon from 
wood charcoal (Fisher Scientific) 

664 - - 112.5 [48] 

21. Commercial powder activated carbon 
(mesh 200 ground Filtrasorb-400, Calgon 
Corp., USA) 

- - - 237 [58] 
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Chapter 3 

Methodology 

 

3.1 Materials 

3.1.1 Turmeric waste (TW) 

 TW came from the rhizome of turmeric plant that had been through curcumin extraction 

process in a Thai herbal medicine manufacturing factory. The process is shown in Fig. 11. 

 

Figure  11 Turmeric waste process 

3.1.2 Chemicals 

  All the chemicals used in this research are written in Table 7. 

Table  7 Chemicals involved in this research and details 

Chemical State Formula MW Grade Manufacturer 

Nitrogen Gaseous N2 28.01 99.99% purity 
Thai industrial gas 

(TIG) 

Calcium chloride Solid CaCl2 110.98 
Analytical 

grade 
Carlo Erba 

Hydrochloric 
acid 

Liquid HCl 36.458 Grade AR QReC 

Norfloxacin Solid C16H18FN3O3 319.33 TLC grade Sigma-Aldrich 
 

Sundried-turmeric 
rhizomes

Extraction with 
ethanol

Turmeric waste
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3.1.3 Furnace 

The furnace consists of two main components as illustrated in Fig. 12. Firstly, the 

nitrogen source is a gas cylinder contacted to the lid of the chamber. During the carbonization 

process, nitrogen was fed into the chamber at a constant rate from the top. The second part is the 

chamber where the turmeric waste was placed at the bottom without a crucible. The thermocouple 

was inserted to measure and control the temperature inside the chamber. The gas/liq outlet was at 

the top of the chamber. 

 

 

Figure  12 Schematic diagram of the furnace 
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3.1.4 Analytical instruments  

1. Thermogravimetric analysis (TGA, Q50 V6.7 Build 203, TA instruments) 

2. Field-emission electron scanning microscope and energy dispersive X-ray 

spectrometer (FE-SEM/EDX, Hitachi, SU3500)  

3. Fourier transform infrared spectrophotometer (FTIR, Thermo scientific, NICOELT 

iZ10) 

4. Nitrogen adsorption-desorption apparatus (Autosorb MP, QuantaChrome) 

5. X-ray diffractometer (Rigaku, Smartlab, XRD)  

6. Raman microscope (Horiba, XploRA PLUS) 

7. UV-Visible spectrophotometer (UV-Vis, Hach, DR6000)  

3.2 Methodology 

3.2.1 Turmeric waste pretreatment 

 The collected turmeric waste (soaked with ethanol) from the extraction process was air-

dried at room temperature and placed in an electric oven at 80°C, 24 h to remove moisture and 

alcohol. 

3.2.2 Calcium chloride impregnation 

 The dried turmeric waste was sifted through a mesh 20 (0.841 mm) standard sieve and 

the coarse grain larger than mesh 20 was collected. Any lumps in the turmeric waste that had 

formed during storage was also removed. In a single batch preparation, 50 g of the dried turmeric 

waste was submerged in 500 g of 10%w/w of CaCl2 solution (ratio CaCl2 : turmeric waste = 1:1) 

for 24 h at room temperature. After 24 h, the liquid was drained and the turmeric waste was dried 

in the oven at 80°C for 24 h. 
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CaCl2 was chosen as the chemical activator for turmeric waste activated carbon because 

it resulted in the second highest surface area (1,264 m2/g), second to ZnCl2 (1,350 m2/g), in 

research by Karthikeyan, Sivakumar, and Palanisamy, whether the enormous surface area was 

from micropores or mesopores was not discussed. It was suggested that CaCl2 and ZnCl2 had such 

good surface area results due to the effectiveness of the removal of organic matter [46]. CaCl2 is 

considered more environmentally friendly than ZnCl2, so it was chosen. 

3.2.3 Turmeric waste activated carbon synthesis 

 In a batch of carbonization, 50 g of the CaCl2 impregnated turmeric waste was put into a 

cylindrical chamber. The carbonization and activated step occurred simultaneously under N2 

atmosphere, flow rate 100 cm3/min. The temperature ramp was fixed at 10°C/min, once the 

temperature reached the carbonization temperature, it was held for 2 h. The independent variable 

in this carbonization step is the carbonization temperature 500 – 900 °C. 

3.2.4 Acid washing 

 The synthesized activated carbons were then washed in 0.10M HCl and deionized water 

until pH reached neutral to remove calcium in the pore structure.  

 

Figure  13 Preparation of turmeric waste activated carbon 

  Fig. 13 shows the schematic representation of turmeric waste activated carbon 

synthesis. 
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3.2.5 Turmeric waste biochar synthesis 

 The dried turmeric waste without CaCl2 impregnation was also carbonized to show the 

effect of CaCl2 impregnation on the carbons. 50 g of the dried turmeric waste was put into a 

cylindrical chamber. The carbonization took place under N2 atmosphere, flow rate 100 cm3/min. 

The temperature ramp was fixed at 10°C/min, once the temperature reached 700 °C, it was held 

for 2 hours. 

 The assigned abbreviated names for all the synthesized activated carbon and biochar are 

given in Table 8. 

Table  8 Synthesis conditions of the prepared activated carbon and biochar from turmeric waste 

Samples 

Conditions 

Activated 
agent 

Process Temperature 

TWB700 - Carbonization with N2 700 °C 
TWAC500 CaCl2 Carbonization with N2 and chemical 

activation 
500 °C 

TWAC600 CaCl2 Carbonization with N2 and chemical 
activation 

600 °C 

TWAC700 CaCl2 Carbonization with N2 and chemical 
activation 

700 °C 

TWAC800 CaCl2 Carbonization with N2 and chemical 
activation 

800 °C 

TWAC900 CaCl2 Carbonization with N2 and chemical 
activation 

900 °C 
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3.3 Characterization of turmeric waste and turmeric waste activated carbon (TWAC) 

3.3.1 Thermogravimetric analysis 

The thermal stability of turmeric waste (TW) and CaCl2 impregnated turmeric waste 

(TW-CaCl2) was studied on thermogravimetric analysis instruments in the temperature range of 

30-900°C under N2 atmosphere, ramp 10.00 °C/min to 900.00 °C. The data was reported in 2 

terms, weight% (%) and derivative weight (%/°C) 

3.3.2 Field-emission electron scanning microscope and energy dispersive X-ray spectrometer 

FE-SEM was used to study the surface morphology and texture of the synthesized 

activated carbon. The microscopic images were taken at 60x and 5,000x magnifications. EDX 

was also applied to TWAC700 to determine the chemical composition in 3 areas of the sample to 

verify the carbon material and discover the residue inside the carbon. 

3.3.3 Nitrogen adsorption-desorption apparatus  

Nitrogen adsorption-desorption apparatus was used to find the N2 adsorption-desorption 

isotherm at 77 K of TWAC500 – 900 and TWB700. From the adsorption data, the Brunauer-

Emmett-Teller (BET) and Dubinin-Radushkevich (D-R) models were used to estimate the 

specific surface area (SBET) and micropore volume (Vmic), respectively. The average pore diameter 

was obtained by the Gurwitch rule. From the desorption data, the Barrett-Joyner-Halenda (BJH) 

method was used to estimate the mesopore volume (Vmeso) and pore size distribution. The 

operating conditions for the degassing step are 150 °C, and 24 h. 

3.3.4 X-ray diffractometer  

X-ray diffraction analysis was done on TWAC500 – 900. X-ray diffraction is used to 

analyse the crystalline structure of the sample which can be both quantitative and qualitative. 

XRD is also commonly used for phase identification. In this work, all patterns were measured at 

2θ in a range of 10-80 degrees by a 30kV diffractometer equipped with a fixed monochromator 
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and a Cu Kα radiation source which was set an accelerating voltage of  40 kV, an applied current 

of 30 mA and a scan speed of 5 θ/m. 

3.3.5 Raman spectroscopy  

Raman spectroscopy analysed TWAC500 – 900 in this work. It is a light scattering 

chemical analysis technique. It is sensitive to the slight change in carbon material. In this 

research, Raman microscope equipped with a spectrophotometer was used to study the degree of 

graphitization and defects within the carbon structure. The conditions include excitation laser 

wavelength 532 nm and slit 200 μm. 

3.3.6 Fourier transform infrared spectrophotometer 

FTIR spectroscopy analysed the activated carbon that is chosen for NOR adsorption to 

study the surface functionality. The technique used in this study was ATR (attenuated total 

reflection). 

Fig. 14 summarizes the turmeric waste activated carbon and biochar synthesis from the 

raw material to characterizations.
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Figure  14 Flowchart of TWAC500-900 synthesis and characterization

Turmeric waste (TW) 

Impregnation with CaCl2 
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3.4 Norfloxacin adsorption  

Norfloxacin (NOR) adsorption was conducted in batches. Turmeric waste activated 
carbon (TWAC) was mixed in NOR solution and shaken at 200 rpm. The incubator shaker kept a 
constant temperature throughout the experiments. After a given time for each experiment, the 
carbon was removed from the flasks by a 0.45 μm Nylon syringe filter, and the clear solution 
was analysed by UV-vis spectrophotometer to find the final concentration.  

3.4.1 UV-vis spectrophotometer  

As stated by Beer and Lambert’s law, when a monochromatic light travels through a 
homogeneous medium, the concentration of the solution is directly proportional to its absorption 
of light [59]. In this study, the absorbance of NOR solution between 1 – 10 mg/l at maximum 
absorbance wavelength 277 nm was directly proportional to the concentration. Thus, the initial 
and final NOR concentrations were converted from the absorbance data at 277 nm and the 
absorbance/concentration calibration graph in the Appendix. Any other concentrations higher 
than 10 mg/l was diluted before measurement.  

Norfloxacin adsorption study was divided into 5 sections as the following.  

3.4.2 Effect of carbon dosage  

 Turmeric waste activated carbon range 0.25 – 3 g/l was used to adsorb NOR initial 
concentration 10 mg/l, pH 7, at 25 °C for 24 h. The aim was to determine the carbon dosage to be 
used in the next adsorption experiments.  

3.4.3 Effect of initial concentration 

1 g/l of turmeric waste activated carbon was used to adsorb NOR initial concentration 10 
– 200 mg/l, pH 7, at 25 °C for 24 h. 
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3.4.4 Adsorption equilibrium 

1 g/l of turmeric waste activated carbon was used to adsorb NOR initial concentration 5 – 
200 mg/l, pH 7, at 25 °C for 24 h. The data obtained from this section was fitted with the 
adsorption isotherm models; Langmuir, Freundlich, and D-R by nonlinear regression. 

3.4.5 Adsorption kinetics 

1 g/l of turmeric waste activated carbon was used to adsorb NOR initial concentration 40  
mg/l, pH 7, at 25 °C for 0 - 72 h. The data obtained from this section was fitted with the 
adsorption kinetics models; PFO, PSO, Elovich, and IPD by nonlinear regression. 

3.4.6 Thermodynamics of adsorption 

1 g/l of turmeric waste activated carbon was used to adsorb NOR initial concentration 20 
- 80  mg/l, pH 7, at 20 - 40 °C for 24 h. 
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Chapter 4 

Results and discussion 

 

4.1 Characteristic of turmeric waste 

4.1.1 Thermal stability of turmeric waste and calcium chloride impregnated turmeric waste 

 

Figure  15 Thermogravimetric analysis (TGA) of turmeric waste (TW) and CaCl2 impregnated 
turmeric waste (TW-CaCl2) 
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Figure  16 Derivative thermogravimetry (DTG) of TW and TW-CaCl2 

 Fig. 15-16 shows the thermal stability of turmeric waste (TW) and CaCl2 impregnated 

turmeric waste (CaCl2-TW). For turmeric waste, the weight loss occurred in three prominent 

stages. The first stage on increasing the temperature from 25 °C to 150 °C, 7% of weight was lost 

due to evaporation of moisture, with the highest rate of loss at 50 °C. The second stage after the 

plateau at 150 °C to 540 °C had the largest weight loss at 62% of the sample, with the highest rate 

of decomposition at 260 °C which was the degradation of cellulose and hemicellulose. The last 

stage happened gradually due to lignin degradation until the temperature reached 900 °C [60]. 

The char residue was about 12%. 

 For TW-CaCl2, the thermolysis occurred in two stages forgoing the first moisture 

evaporation stage. The temperature of the maximum rate of weight loss (TM) lowered from 260 

°C in pure turmeric waste to 200 °C. The second stage started at roughly the same temperature as 

the previous stage which is 540 °C. The char residue was 38%, the added weight partly came 

from the presence of calcium compounds in the sample. 

 From comparison of the mentioned stability results, CaCl2 can lower degradation 

temperature of the turmeric waste’s lignocellulosic structure. Dehydrating agents like CaCl2 are 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 200 400 600 800

D
er

iv
. 

W
ei

g
h

t 
(%

/C
)

Temperature (°C)

TW

TW-CaCl2



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 56 

used in chemical activation as activating agent. Further, Ca2+ from CaCl2 can interact with 

oxygens weakening hydrogen bonds during pyrolysis process which makes the hydroxyl groups 

and glycosidic bonds in lignocellulosic materials unstable. At elevated temperature, CaCl2 also 

serves as a dehydration reaction catalyst [61, 62].  

4.2 Turmeric waste activated carbon synthesis 

4.2.1 N2 adsorption-desorption isotherms and porosity of turmeric waste activated carbon  

The N2 adsorption-desorption isotherms for TWAC500 - 900 are illustrated in Fig. 17. 

According to IUPAC classification, the isotherms can be defined as type I and IV. The type I 

isotherm is characteristic of purely microporous material. The type IV, which often occurs in the 

same adsorbent with type I, is related to the presence of mesopores in the structure. Hysteresis 

loop is characteristic of type IV isotherm. TWAC500-900 all showed hysteresis loop type H3 

which indicated that the pores are parallel pores. A summary of the type of adsorption and 

hysteresis loop is written in Table 9. 

The effect of carbonization temperatures on BET surface area (SBET), micropore volume 

(Vmic),  mesopore volume (Vmeso), and pore width (nm) is also shown in Table 9. As the 

carbonization temperature increased from 500 - 700 °C, the SBET and pore volume increased from 

more degradation of volatile matter in this range. At 500 - 600 °C, the degradation of biomass 

was not complete because the temperature was too low therefore giving insufficient heat to the 

reaction. Higher temperature meant higher rate of pyrolysis which removed carbon atoms from 

the char resulting in an increase in the porous properties [60].  TWAC700 had the most developed 

pores with highest specific surface area, micropore volume, and mesopore volume at 334 m2/g, 

0.0954 cm3/g, and 0.362 cm3/g, respectively.  

After the peak porosity of TWAC700, the sharp decrease of micropore and mesopore 

volume between TWAC700 and TWAC800 was because excess rate of carbonization at 800 °C 

could cause pore walls to collapse. Micropores could coalesce to form mesopores while mesopore 

walls collapsed to form macropores. This unwanted phenomenon is called pore sintering effect 
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where several smaller pores merge forming a large pore which caused surface area and pore 

volume to reduce [63]. 

The N2 adsorption-desorption isotherms for TWB700 is illustrated in Fig. 17 as a 

comparison to TWAC500 – 900. According to IUPAC classification, the isotherm can be defined 

as type VI referring to nonporous material. A phenomenon called layering can be observed which 

is when isotherm shows a step like shape. The BET surface area (SBET), micropore volume (Vmic), 

and pore width (nm) of TWB700 is also shown in Table 9. It can be concluded that TWAC500 – 

900 had significantly better porous properties than TWB700, which was carbonized without the 

presence of CaCl2, confirming that CaCl2 was an effective chemical activating agent for turmeric 

waste. 

 

Table  9 Porosity and isotherm characteristics of TWB and TWAC500-900 

Sample 

Porosity 

Isotherm 
type 

Hysteresis 
loop 

SBET 
(m2/g) 

Vmic 
(cm3/g) 

Vmeso 
(cm3/g) 

VT 
(cm3/g) 

Pore 

width 
(nm) 

TWB700 VI ND 27 0.0124 ND 0.0554 ND 

TWAC500 I & IV H3 160 0.0352 0.205 0.305 7.62 

TWAC600 I & IV H3 301 0.0841 0.213 0.369 4.90 

TWAC700 I & IV H3 334 0.0954 0.362 0.580 6.94 

TWAC800 I & IV H3 103 0.0204 0.185 0.262 10.2 

TWAC900 I & IV H3 58 0.0124 0.193 0.280 19.3 

ND – not defined; SBET – BET surface area; Vmic – micropore volume; Vmeso – mesopore volume; 
VT – total pore volume 
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Figure  17 N2 adsorption and desorption isotherms at 77K of TWAC500-900 and TWB700 
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Figure  18 Mesopore size distribution of TWAC700 

 
The pore size distribution of TWAC700 in mesopore width range 2 - 50 nm is displayed 

in Fig. 18. The pore size distribution, calculated from the desorption data by BJH method, was 

not uniform. The majority of mesopores were smaller than 4 nm.  In addition, for pores larger 

than 4 nm there was a bell-shaped distribution that peaked at 12 nm and gradually decreased at 

higher pore width.  

Biomass contains different compositions of cellulose, hemicellulose, and lignin which 

give them different properties. During the carbonization and activation steps, lignocellulosic 

materials decompose at different rates and temperature ranges. The reactions involved are also 

rather complex, interconnected and highly dependent on the conditions (activating agent, mass 

ratio, gas, etc.) [64]. Studies have reported the effect of these lignocellulosic compositions on the 

porous properties of their char and activated carbon as shown in Table 10. The comparison has 

some setbacks including the different preparation methods of char and activated carbon, but it 

could still provide some insights to the roles of cellulose, hemicellulose, and lignin in the 

production of porous framework. The biomass acts better as a carbon precursor when the 

lignocellulosic polymers are presented together as evidence by the study of pure cellulose, pure 

lignin, a mixture of cellulose and lignin as activated carbon in Table 10. The most-developed 

mesoporous properties were obtained when 50% of cellulose and 50% of lignin was mixed. It was 
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suggested that cellulose maintains the mesopore structure while lignin promotes the formation of 

layered micropore structure during synthesis of activated carbon [65].  

In this work, turmeric waste had 58.77% cellulose, 1.24% hemicellulose, and 11.63% 

lignin by weight. TWAC700 had Vmeso/Vmic equals to 3.79 which could be that the abundant 

cellulose facilitated the formation of mesopore. It was found that the presence of CaCl2 greatly 

increased the Vmic by 6.70 times and without CaCl2 there was no mesopores. After the coconut 

shell char was steam activated, the Vmic increased by 1.9 times. For plum stone char, steam 

activation increased the Vmic by 5.6 times [66]. From this comparison, CaCl2 activation method 

increased the Vmic and Vmeso of the char more than steam activation method. At present, it is too 

complicated to accurately compare and predict the roles of the lignocellulosic compounds in this 

work to other works because there is no research with the same preparation methods of activated 

carbon. Also, a certain biomass could favor a type of activation method more than others 

regardless of the compositions. Further studies on biomass activation by CaCl2 need to be carried 

out. 
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4.2.2 Crystalline structure and amorphous structure 

 

Figure  19 X-ray diffraction (XRD) patterns of TWAC500-900 

The crystal structure of all TWACs was analysed by X-ray diffraction (XRD) as shown 

in Fig. 19. In all samples, 2 broad peaks appear at 22.6-26.2° and 42.9-43.8° related to the (002) 

and (100) characteristic peaks of graphite [68, 69]. The broad peaks indicate the samples were 

amorphous carbon. Furthermore, at higher temperature the peaks are sharper which pertain to the 

higher degree of graphitization. The patterns also tentatively suggested that the acid washing 

process effectively removed CaCl2 from the carbons as no peaks of calcium compounds are 

detected. 
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4.2.3 Carbon structure by Raman spectroscopy 

  

Figure  20 Raman spectra of TWAC500-900 

 The structure of partially graphitized carbon was further confirmed by Raman 

spectroscopy illustrated in Fig. 20. Two broad peaks at 1,337 – 1,367 cm-1 and 1,585 – 1591 cm-1 

are the D-band and G-band, respectively. The peak intensities of the D-band are stronger when 

the samples were treated at higher temperatures, from 500 to 700 °C, indicating phase 

transformation from amorphous carbon to a graphitic structure at higher temperature as suggested 

by the XRD results. This confirms that the higher activation temperature process encouraged the 

phase formation of graphitic structure.  

D-band correlates to the local defects found at the edges of the graphene sheets, while G-

band relates to the vibration of sp2-hybridized carbon in the graphitic hexagonal lattice. The 
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degree of defects is represented by the intensity ratio of D-band to G-band (ID/IG), a higher ratio 

suggests a higher degree of defects in the graphitic structure [68-70]. The defects could be due to 

the exposure of more edges during pore formation or the replacement of π bonds (sp2 carbon 

atom hybridization) with C-O and/or C-C σ bonds (sp3). As shown in Fig. 20, TWAC500 has the 

lowest ID/IG at 0.802 and the ratio increased with TWAC900 having the highest ID/IG at 1.08. The 

ID/IG ratio increased as the carbonization temperature increased indicating that higher 

carbonization temperature led to more defects in the graphitic structure.  
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 The morphology and surface properties of TWAC500 – 900 are illustrated in Fig. 21. At 

60x magnifying power, the image of a single particle of activated carbon was captured. The 

surface of the carbons is rough and porous. At 5,000x magnifying power, the images were taken 

in 2 areas for every TWAC, and the images show that the pores are highly non-uniform. 

TWAC500-900 presented similar texture across all activation temperature. In some areas, it is 

smooth, while other areas of the same carbon are coarse and filled with deep crevices. 

 The SEM-EDX results of 3 different areas of TWAC700, as summarised in Table 11, 

revealed the presence of C, O, Ca, Cl. The results explained further that despite the absence of 

crystalline form of calcium and chloride phases in the XRD patterns in section 4.2.2 crystalline 

structure, leftover Ca and Cl were still presence in the carbon. In addition, TWAC700 comprised 

of less than 90 %Weight of C. The presence of these elements was well distributed in the 3 areas. 

Table  11 Chemical compositions of TWAC700 characterized by SEM-EDX 

Element 
Area 1 Area 2 Area 3 

%Weight %Atom %Weight %Atom %Weight %Atom 
C 88.24 92.97 87.48 92.34 86.53 91.38 
O 6.77 5.35 7.55 5.98 8.96 7.11 
Cl 2.44 0.87 2.58 0.92 2.17 0.78 
Ca 2.56 0.81 2.39 0.76 2.34 0.74 

Total 100.00 100.00 100.00 100.00 100.00 100.00 
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4.2.5 Surface functional groups 

 
Figure  22 FTIR spectra of TWAC700 

Before TWAC700 would be used to study NOR adsorption, Fourier transform infrared 

spectroscopy technique was applied to analyse the surface functionality of the adsorbent.  Fig. 22 

illustrates the FTIR spectra of TWAC700 between wavenumber 4000 – 400 cm-1. Fingerprint 

region is the region below 1,500 cm-1 where a lot of the absorbance from bending vibrations are 

seen. Therefore, in this work, the FTIR was interpreted in the wavenumber 4000 – 1,500 cm-1. 

The highest intensity peak is at 2320 cm-1 attributed to the C ≡ C stretching vibrations in alkyne 

groups. The band at 1793 cm-1 refers to the stretching vibrations of C = O denoting the existence 

of carbonyl/carboxyl groups. Lasty, the weak bands at 2800 – 3000 cm-1 suggests the presence of 

an aliphatic C-H stretching [71].  
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4.3 Norfloxacin adsorption 

 From the previous section, TWAC700 was chosen as the adsorbent because it had the 

highest Vmeso ,SBET and Vmic out of all the TWACs. (A comparative NOR adsorption test between 

TWB700 and TWAC500 – 900 had been conducted and verified TWAC700 as the best 

adsorbent, results can be found in the Appendix in Fig. 35-36) All NOR adsorption studies in this 

work were done using only TWAC700. 

4.3.1 Effect of carbon dosage 

 

Figure  23 Effect of carbon dosage on the %removal and qe of NOR 

 The effect of adsorbent dose for NOR adsorption was investigated using various amounts 

of TWAC700 from 0.25 to 3 g/l in 100 mL of 10 mg/l NOR at 25°C, 24 h. The adsorption data 

are reported in Fig. 23 in two terms; removal percentage (%removal) in orange squares, left y-

scale, and NOR uptake (qe) in blue circles, right y-scale.  The %removal was 43.7 - 96.1 percent 

with 3 g/l dose giving the highest %removal at 96.1 percent.  This was because as TWAC700 

dosage increased the number of active sites also increased allowing more NOR to be removed. On 

the contrary, qe obtained from the same experiment was 2.82 - 15.0 mg/g with 0.25 g/l dose 

resulting in the highest qe. The trend of qe versus carbon dosage was  descending due to the 

limited adsorbate molecules available in water as carbon dosage increased [72]. The following 

0

2

4

6

8

10

12

14

16

18

20

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4

q
e 

(m
g
/g

)

%
re

m
o

v
al

Carbon dosage (g/l)

%removal

qe (mg/g)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 74 

adsorption experiments would be conducted with 1 g/l TWAC700 dosage because of reasonable 

removal percentage (78.4%) and qe value (6.90 mg/g). 

4.3.2 Effect of initial concentration 

  

Figure  24 Effect of C0 (initial concentration) on the %removal and qe of NOR 

 The effect of initial concentration on NOR adsorption was studied under varying initial 

concentrations of NOR from 10 to 200 mg/l at 25 °C, 24 h. The TWAC700 dosage was fixed at 1 

g/l. The adsorption data are reported in Fig. 20 in two terms; removal percentage (%removal) in 

red squares, left y-scale, and NOR uptake (qe) in green circles, right y-scale.  The %removal was 

17.1 – 65.5 percent in descending trend as initial concentration increased. On the contrary, the qe 

increased as the initial concentration increased until after Ci = 100 mg/l, the change in qe was 

insignificant. At lower initial NOR concentrations, the available adsorption sites were relatively 

high compared to higher concentrations, thus the majority of NOR was removed resulting in high 

removal percentage. At higher initial concentrations, the pores filled up with NOR molecules 

leading to a decrease in removal percentage of NOR. However, the higher initial concentrations 

had higher driving force attributing to an increase in qe [73]. 
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4.3.3 Adsorption equilibrium 

 

Figure  25 Isotherm fitting curves for NOR adsorption onto TWAC700 and experimental data 

The NOR adsorption data by TWAC700, 5 – 200 mg/l of NOR at 25 °C, and carbon 

dosage 1 g/l was further investigated by adsorption isotherm models. Langmuir, Freundlich, and 

D-R isotherms were employed to analyse the adsorption mechanism by fitting the experimental 

data using nonlinear regression method. The resulting isotherm parameters and correlation 

coefficients were shown in Table 12, and the fitted curves along with the experimental data was 

illustrated in Fig. 25. The equilibrium data was found to be in accordance with Langmuir 

isotherm the most as it gave the highest R2 of 0.9866. Followed closely by the D-R model at R2 = 

0.9853, the 2 curves (red solid line for Langmuir, green dotted line for D-R) are nearly identical. 

Freundlich isotherm was the least fitted at R2 = 0.9674. The equilibrium isotherms suggested that 

the adsorption mechanism was monolayer onto homogeneous sites rather than multilayer onto 

heterogeneous sites. The maximum monolayer adsorption capacity (qm) calculated by Langmuir 

model was 41.7 mg/g which is higher than some of the biomass-based activated carbon in 

literature (Table 6). All R2 values and parameters calculated by Langmuir (qm, KL), Freundlich 

(KF, n), and D-R (qDR, E) models are displayed in Table 11.  
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D-R model could give information about the type of adsorption through term E (kJ/mol), 

adsorption energy. E value can distinguish the adsorption mechanism. E < 8 is physical 

adsorption, 8 < E < 16 is chemical adsorption, E > 16 is ion exchange. It should be noted that D-R 

model was the only regression that was done under unit mol of NOR, as opposed to Langmuir 

and Freundlich where mg of NOR was used. In this work, E value was 5.18 kJ/mol which is less 

than 8 kJ/mol, therefore; the adsorption mechanism of NOR was purely physisorption. 

Table  12 Langmuir, Freundlich, and D-R isotherm parameters for NOR adsorption 

Model Parameter Value 

Langmuir qm (mg/g) 41.7 
 KL (l/mg) 0.0288 
 R2 (-) 0.9866 

Freundlich Kf (mg/g)(l/mg)1/n 3.98 
 n (-) 2.29 
 R2 (-) 0.9674 

D-R qDR (mg/g) 39.1 
 E (kJ/mol) 5.18 
 R2 (-) 0.9853 
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Additionally, RL was calculated from Langmuir parameter KL by eq (4) with C0 at 0 – 
200 mg/l as shown in Fig. 26. RL was lower than 1 and descends as the initial concentration 

increases indicating that as initial concentration increases the adsorption gets more favourable. 

 

Figure  26 RL value across C0 (initial concentration) = 0 – 200 mg/l 
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4.3.4 Adsorption kinetics 

 

Figure  27 Kinetic models fitting curves for NOR adsorption onto TWAC700 and experimental 
data 

Fig. 27 shows kinetic of adsorption nonlinear fitted curves at a temperature of 25 °C, 

TWAC700 dosage of 1 g/l, and initial concentration of NOR 40 mg/l. The adsorption reached 

near equilibrium after 4 h. PFO, PSO, and Elovich kinetics models were applied to study the 

mechanism behind the adsorption rate. R2 values and kinetics parameters from PFO (k1, qe1), PSO 

(k2, qe2,h), and Elovich (α, β) model regression are listed in Table 13. PSO fitted the data the 
most from its significantly higher R2 at 0.9733. PFO and Elovich models both had R2 values 

around 0.9. This suggested that the pseudo-second-order kinetic model best described the 

adsorption process of NOR. 

 

 

 

 

 

0

2

4

6

8

10

12

14

16

18

20

0 1000 2000 3000 4000 5000

q
t 

(m
g
/g

)

time (min)

PFO

PSO

Elovich

Experimental data



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 79 

Table  13 Pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich kinetic parameters 
for NOR adsorption 

Model Parameter Value 

PFO k1 (1/min) 0.0551 
 qe1 (mg/g) 14.6 
 R2 (-) 0.9013 

PSO k2 (g/mg·min) 0.00465 
 qe2 (mg/g) 15.5 
 h (mg/g·min) 1.12 
 R2 (-) 0.9733 

Elovich α (mg/g·min) 9.75 
 β (g/mg) 0.555 
 R2 (-) 0.9078 

 

 

Figure  28 Intraparticle diffusion model regression for NOR adsorption onto TWAC700 
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The intraparticle diffusion model using linear regression is shown in Fig. 28. The 

intraparticle diffusion model is used for determining the adsorption mechanism and rate-limiting 

step. If the regression of qt versus t1/2 is a straight line and passes through the origin, intraparticle 

diffusion is the rate-limiting step, according to Weber and Morris [45]. From Fig. 28, the 

regression is divided into 3 sections, none of which passes throught the orgin. Consequently, the 

adsorption occurred in 3 steps: (i) boundary-layer diffusion of NOR; (ii) intraparticle diffusion 

which is slower than the first step; and (iii) equilibrium stage where adsorption gradually 

approahed completion [74]. R2 value and other parameters (ki, Ci) are listed in Table 14. In 

conclusion, the intraparticle diffusion was not the sole rate-limiting step. The rate-limiting steps 

were a combination of film diffusion and intraparticle diffusion instead. 

Table  14 Intraparticle diffusion parameters 

Steps ki (mg/g·min1/2) Ci (mg/g) R2 

Step 1 3.21 -3.09 0.9683 
Step 2 0.310 9.03 0.9858 
Step 3 0.0357 14.1 0.9048 
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4.3.5 Thermodynamics of adsorption 

 

Figure  29 Langmuir isotherm fitting curves for NOR adsorption at 20 – 40 °C, C0 = 20 – 80 mg/l 

 To further investigate the thermodynamics of adsorption from D-R isotherm in Section 

4.3.3 Adsorption equilibrium, another experiment was carried out at 3 temperatures of 20 - 40 °C, 

TWAC700 dosage of 1 g/l, and initial concentration of NOR 20 - 80 mg/l. As displayed in Fig. 

25, the experimental data was fitted with Langmuir isotherm, Langmuir nonlinear regression 

parameters are given in Table 14. KL from Langmuir isotherm was then used to calculate the Kc 

via eq (19) to be plotted against 1/T as shown in Fig. 26. ΔH and ΔS were obtained from the 

slope and y-intercept of the linear regression, the values (ΔH, ΔS, ΔG) are summarized in Table 

15.  

 The negative value of ΔH (-32.0 kJ/mol) revealed that the adsorption process was 

exothermic and more favourable at low temperatures which can be confirmed by Fig 25. 

Moreover, the magnitude of ΔH can reveal the mode of adsorption. If the magnitude of ΔH < 84 

kJ/mol, the mechanism is physical adsorption. If 80 < ΔH < 420 kJ/mol, it’s chemical adsorption 

[70]. In this case, ΔH < 84 kJ/mol meant the adsorption is physical adsorption. The positive value 

of ΔS (5.50 J/mol·K) disclosed that there was an increase in the degree of freedom of NOR after 
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the adsorption process. The negative values of ΔG at each temperature showed that the 

adsorption was spontaneous and feasible. The ΔG values were nearly equal at each temperature 

because the ΔS value used to calculated ΔG was very small. 

Table  15 Langmuir adsorption isotherm parameters at 20, 30, 40 °C 

Temperature (°C) qm (mg/g) KL (l/mg) R2 

20 33.5 0.0537 0.9997 
30 31.5 0.0359 0.9992 
40 31.4 0.0232 0.9600 

 

 

Figure  30 Plot of ln(Kc) versus 1/T (K-1) 
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4.3.6 TWAC as NOR adsorbent compared to other biomass-based materials 

 This work is the first ever to use turmeric waste activated carbon to adsorb Norfloxacin 

or any pharmaceuticals. In addition to that, it is uncommon but desirable to report the porosity 

data in terms of different pore sizes (micropore, mesopore) since they are integral to the 

adsorption capacities. Commercially, activated carbons on the market are measured and sold by 

only their BET surface area which is inadequate to fully comprehend the porous properties. An 

example of the properties of commercial activated carbon synthesized from coconut shell is 

shown in Fig. 26. The volume of micropores and mesopores were not mentioned. Commercial 

activated carbon might report high surface area, but it is mostly due to an abundance of 

micropores. The desirable mesopores for organic compound adsorption result in lower BET 

surface area. Therefore, it is not enough to judge the effectiveness of activated carbon by BET 

surface area, micropore and mesopore volumes are required. Additionally, according to a finding, 

typical commercial activated carbons have mesopore volume around 0.1 – 0.5 cm3/g [75], 

TWAC700 has mesopore volume at 0.362 cm3/g. Lower BET surface area at 334 m2/g was due to 

the majority of pores being mesopores rather than micropores. 
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Figure  31 Carbokarn’s commercial activated carbon grades [76] 
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Table 16 summarizes a comparison of the porous properties and the maximum 

monolayer adsorption capacity (qm). The qm value for TWAC700 was 41.7 mg/g which was 

higher than some of the adsorbents in literature. Moreover, NOR adsorption by TWAC700 was 

conducted at neutral pH which is considered environmentally friendly since no added chemical is 

required for pH adjustment. Notedly, biochar derived from Luffa sponge reported qm as high as 

278.0 mg/g at 25 °C which could be attributed to its high surface area (822 m2/g) and – OH 

functional group on the surface. The high surface area of Luffa sponge biochar could be from its 

composition: 82.4% cellulose and 11.2% lignin, and activation method: H3PO4 [57]. Granular 

activated carbon from maize straw which reported qm at 112.8 mg/g, the good adsorption capacity 

could be attributed to the high micropore, and total pore volume of the sample (VT = 1.31 cm3/g, 

Vmic = 0.13 cm3/g) [56].  

 Turmeric waste activated carbon was synthesized from an agrilcultural waste in support 

of the BCG business model. Interestingly, compared to other biomass, turmeric waste is 

exceptionally clean because it was collected from a pharmaceutical production line. Turmeric 

waste was abundant and easy to collect from one location. This work is the first step to adding 

value to turmeric waste and finding its application. The high Vmeso of TWAC700 (0.362 cm3/g)  is 

an attractive asset to further explore the adsorption of other emerging pollutants.    
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Table  17 List of group 3 biomass-based adsorbents and group 4 commercial activated carbons 
from Table 6 and their NOR adsorption capacities compared to this work  

Adsorbent 
SBET 

(m2/g) 
Pore volume 

(cm3/g) 
Pore size 

(nm) 

 
qm 

(mg/g) 
Ref 

Group 3 Biomass-based materials 
1. Turmeric waste activated carbon 
(TWAC700) 

334 VT = 0.580 
Vmic = 0.0954 
Vmeso = 0.362 

6.94 41.7 this 
work 

2. Pomelo peel-based biochar 1.71 VT = 0.003 5.90 34.88 [53] 
3. Cauliflower roots biochar 232 VT = 0.15 

Vmic = 0.07 
Vmeso = 0.08 

- 31.15 [19] 

4. Cassava waste KOH-modified biochar 128 VT= 0.010 2.42 1.960 [54] 
5. Corn activated magnetic biochar 761 VT = 0.37 - 7.247 [49] 
6. Reed activated magnetic biochar 778 VT = 0.33 - 3.514 [49] 
7. Willow activated magnetic biochar 857 VT = 0.40 - 6.259 [49] 
8. Hematite-reed straw biochar composites 135 VT = 0.086 2.54 4.074 [55] 
9. Pyrite-reed straw biochar composites 54.5 VT = 0.053 3.90 5.106 [55] 
10. Granular activated carbon from maize 
straw 

1200 VT = 1.31 
Vmic = 0.13 

- 112.8 [56] 

11. Biochar derived from luffa sponge 822 - 5.35 278.0 [57] 
Group 4 Commerical activated carbons 
12. Commercial activated carbon from 
wood charcoal (Fisher Scientific) 

664 - - 112.5 [48] 

13.  Commercial powder activated carbon 
(mesh 200 ground Filtrasorb-400, Calgon 
Corp., USA, $1.49 per pound) 

- - - 237 [58] 
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Chapter 5 

Conclusions 

 

This thesis focused on the preparation of turmeric waste activated carbon as the 

adsorbent to NOR. This chapter concludes all the experiments and findings divided into 2 parts 

below. 

5.1 Activated carbon synthesis 

Turmeric waste activated carbon was synthesized by simultaneous carbonization and 

chemical activation using CaCl2. The carbonization was studied across temperature 500 - 900 ˚C 

to find the optimal carbonization temperature for highest mesopore volume. The turmeric waste 

activated carbon carbonized at 700 ˚C (TWAC700) had the highest mesopore volume at 0.362 

cm3/g, specific surface area 334 m2/g, and micropore volume 0.0954 cm3/g. CaCl2 played an 

important role in the chemical activation process as it was shown to produce mesopore and 

enhance surface properties. Without CaCl2, turmeric waste biochar (TWB700) yielded 

significantly lower porosity without mesopores at surface area 27 m2/g, total pore volume 0.0554 

cm3/g, and micropore volume 0.0124 cm3/g. 

The texture of TWAC500-900 was not significantly different. The TWAC700 consisted 

of almost 90% carbon and the rest were oxygen that was not completely gasified, calcium and 

chlorine residues from acid washing process during preparation. The structure of TWAC500 – 

900 was partly graphitized. 

Since TWAC700 presented the best mesopore volume, micropore volume, and surface 

area, it was chosen as the Norfloxacin adsorption in the next part.  
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5.2 Norfloxacin adsorption by activated carbon 

 TWAC700 was used to study the Norfloxacin adsorption. It was found that 4 g/l of 

TWAC700 could remove 92.7% of 10 mg/l Norfloxacin. In the adsorption isotherm study, it was 

best fitted with Langmuir adsorption model by nonlinear regression which implied that the 

adsorption was monolayered and occurred on a homogeneous surface. At pH 7, 25 ˚C, the 

maximum monolayer adsorption capacity was 41.7 mg/g. D-R model revealed that the adsorption 

is a physical adsorption. In the adsorption kinetics study, it was found that the rate of adsorption 

was described by pseudo second order kinetics, and the rate-limiting steps were a combination of 

boundary layer diffusion and intraparticle diffusion. The adsorption approached near equilibrium 

after 4 h. From the thermodynamics study, the adsorption was further confirmed as physical 

adsorption. The process was exothermic, at lower temperature the adsorption was more effective. 

The negative value in the change of Gibb’s free energy revealed that the adsorption is 

spontaneous and feasible at 20 – 40 ˚C.  

 

In accordance with the Bio-Circular-Green (BCG) business model, agricultural waste is 

the starting material that cannot be overlooked. Each agricultural waste has unique properties that 

should be explored and enhanced. Turmeric waste is a biomass residue that currently lacks 

monetary value but is abundant, inexpensive, and provides ease of collection. The obtained 

activated carbon has high mesopore volume which is desirable in emerging pollutant adsorption. 

Futher work could explore the adsorption capacity of other pollutants. 
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Nomenclature 

 

SBET (m2/g)  is the BET surface area.  

Vmic (cm3/g)  is the micropore volume. 

Vmeso (cm3/g)  is the mesopore volume. 

VT (cm3/g)  is the total pore volume. 

qe (mg/g)  is Norfloxacin uptake at equilibrium.  

C0 (mg/l)   is the initial concentration of Norfloxacin.  

Ce (mg/l)   is the Norfloxacin concentration at equilibrium.  

V (l)    is the volume of solution.  

W (mg)    is the weight of the adsorbent.  

KL (l/mg)  is the Langmuir isotherm constant.  

qm (mg/g)  is the maximum monolayer adsorption capacity.  

RL   is the separation factor from Langmuir isotherm.  

KF (mg/g)(1/mg)1/n is the Freundlich isotherm constant.  

n is a dimensionless term regarding the magnitude of surface 

heterogeneity. 

qDR (mg/g)  is the D-R adsorption capacity.  

KDR (mol2/kJ2)  is a constant related to the adsorption energy. 

ɛ    is the Polanyi potential. 

qt (mg/g)  is the amount of NOR uptake at a given time t,  
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Ct (mg/l)   is the remaining concentration of adsorbate at time t,  

k1 (1/min)  is the PFO rate constant.  

qe1 (mg/g) is the amount of NOR adsorbed at equilibrium according to the PFO 

model. 

k2 (g/mg·min)  is the PSO rate constant.  

qe2 (mg/g) is the amount of NOR adsorbed at equilibrium according to the PSO 

model. 

h (mg/g·min)   is the initial rate of adsorption. 

α (mg/g·min)  is the initial adsorption rate.  

β (g/mg)  is the desorption constant. 

ki (mg/g·min1/2)   is the IPD constant. 

Ci (mg/g) is the y-intercept of the regression and IPD constant associated with the 

film thickness.  

R (J/mol·K)   is the gas constant (8.314 J/mol·K).  

T (K)   is the temperature.  

ΔG (kJ/mol)  is the change in Gibb’s free energy.  

ΔH (kJ/mol)  is the change in enthalpy.  

ΔS (J/mol·K)  is the change in entropy.  

t (min)    is time.  

g    is gram.  

mg    is milligram.  
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l    is litre. 

min    is minute.  

h   is hour. 

m2    is square metre.  

rpm    is round per minute.  

ml    is millilitre.  

nm   is nanometre. 

μm    is micrometre. 

°C    is degree Celsius. 

mol   is mole.  

J    is Joule.
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Appendix 
 

Cellulose, hemicellulose, lignin compositions of turmeric waste 

Raw turmeric waste (TW) received from the extraction factory was analyzed for 

lignocellulosic compositions as shown in Table 18. 

Table  18 Lignocellulosic composition of turmeric waste 

Compound Composition (%w/w) Method 
Cellulose 58.77 HPLC (Column: VertiSepTM LMP) 

Hemicellulose 1.24 HPLC (Column: VertiSepTM LMP) 
Lignin 11.63 NREL/TP-510-42618 
Total 71.64  

 

Activated carbon yield 

The carbonization yield was determined by the following equation: 

%yield =
min−mout

min
× 100    (21) 

 

Figure  32 Yield percentage of TWAC500 - 900 at different carbonization temperature 
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Fig. 31 shows the yield percentage of TWAC500 – 900 which is a decreasing at higher 

carbonization temperature because of more volatile matter removal. 

Statistical tool 

  In this work, the coefficient of determination (R2) is the chosen statistical tool, the 

equation is written in eq (22). The closer R2 value is to 1, the better the experimental data fit with 

that particular model. 

R2 = 1 −
SSR

SST
= 1 −

∑ (yi−ŷi)
2

i

∑ (yi−y̅)
2

i
    (22) 

 where R2 is the coefficient of determination,  

  SSR is the sum of squares residuals, 

  SST is the total sum of squares, 

  yi is the experimental data, 

  ŷi is the calculated value, 

  y̅ is the mean of all experimental values. 

BET equation for BET surface area calculation [77] 

P

V(P0−P)
=

1

VmC
+

(C−1)P

VmCP0
    (23) 

 where P is the equilibrium pressure (atm), 

  P0 is the saturation pressure (atm), 

  V is the volume of adsorbed gas (cm3), 

  Vm is the volume of monolayer adsorbed gas (cm3), 

 C is the BET constant related to the adsorption heat in the monolayer (q1) and 

the heat of condensation (qL) (C ≈ exp[(qL – q1 )/RT)] ), 
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 To calculated BET surface area, a linear regression of y-axis [P/(V(P-P0))] and x-axis 

P/P0 was plotted. The BET surface area was calculated in range 0.05 < P/P0 < 0.30. The y-

intercept is 1/(VmC) while the slope is (C – 1)/(VmC). 

Stotal =
VmNs

V
     (24) 

SBET =
Stotal

a
     (25) 

 where Stotal is the total surface area of the sample (cm3), 

  SBET is the BET surface area (cm3/g), 

  Ns is the Avogadro’s number, 

  a is the weight of the sample (g). 

DR for micropore calculation [78] 

W

W0
= exp[−

[RTln(
P0
P
)]
2

(βE0)2
]    (26) 

 where W is the weight of the adsorbed gas at P/P0 and T (g), 

  W0 is the total weight adsorbed (g), 

  T is the temperature 77 K, 

R is the gas constant, 

P is the equilibrium pressure (atm), 

  P0 is the saturation pressure (atm), 

E0 is a characteristic energy that depends on the adsorbent, 

  β is the scaling factor.  
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BJH for mesopore parallel pore (H3 hysteresis loop) and pore distribution [79] 

dp = 2(rk + t)     (27) 

𝑟𝑘 = −
0.2082

log(
P

P0
)
      (28) 

t = 0.354 (
−5

ln(
P

P0
)
)

1/3

     (29) 

 where dp is the actual diameter of the pore (nm), 

  rk is the Kelvin radius of the pore (nm), 

  t is the thickness of the adsorbed film (nm) calculated from Halsey equation, 

P is the equilibrium pressure (atm), 

  P0 is the saturation pressure (atm). 

Point of zero charge 

 

Figure  33 Initial pH and change in pH plot to determine pHpzc of TWAC700 
From Fig. 32 it can be concluded that pHpzc of TWAC700 is 8.78. For pH solution less 

than 8.78, the surface of TWAC700 was positively charged, whereas beyond pH 8.78, the surface 

was negatively charged. 
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UV-Visible spectroscopy 

 

Figure  34 UV-Visible absorbance spectrum of standard NOR solution 1-10 mg/l 

 

Figure  35Calibration plot of Norfloxacin concentration and absorbance at wavelength 277 nm 
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Comparative adsorption capacities of TWAC500 – 900 and TWB700 

 

Figure  36 qe of NOR adsorption using TWAC500-900 and TWB700 at C0 = 25 mg/l 

 

Figure  37 qe of NOR adsorption using TWAC500-800 and TWB700 at C0 = 10 mg/l 
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Adsorption supplementary data 

Table  19 Effect of carbon dosage, 25 °C, 200 rpm, 24 h (section 4.3.1) 

Carbon (g) Ci (mg/l) Ce (mg/l) %removal qe (mg/g) 
0.0251 8.79 4.44 49.5 17.3 
0.0503 8.79 3.72 57.6 10.1 
0.0998 8.79 1.93 78.1 6.88 
0.2000 8.79 0.768 91.3 4.01 
0.2999 8.79 0.639 92.7 2.72 

Table  20 Effect of initial concentration and equilibrium of adsorption, 25 °C, 200 rpm, 24 h 
(section 4.3.2 – 4.3.3) 

Carbon (g) Ci (mg/l) Ce (mg/l) %removal qe (mg/g) 
0.1000 8.98 3.10 65.5 5.88 
0.1007 14.9 6.63 55.5 8.27 
0.1000 20.2 10.6 47.4 9.56 
0.1001 29.9 16.5 44.7 13.4 
0.1000 40.4 24.0 40.5 16.4 
0.0999 62.7 41.3 34.1 21.4 
0.1000 78.1 54.2 30.6 23.9 
0.1000 111 80.0 28.2 31.4 
0.1000 150 117 22.1 33.0 
0.1000 180 146 18.8 33.8 
0.1000 196 162 17.1 33.5 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table  21 Adsorption kinetics 25 °C, 200 rpm (section 4.3.4) 

t (min) Carbon (g) V (ml) Ct (mg/l) qt (mg/g) 
4 0.1000 100 29.7 3.56 
6 0.1000 100 28.9 4.43 
8 0.1000 100 27.5 5.81 

10 0.1005 100 39.1 7.28 
20 0.1003 100 36.2 10.2 
40 0.1005 98 35.6 10.8 
60 0.1003 98 35.6 11.7 
90 0.1005 96 34.7 12.0 

240 0.1003 96 34.4 14.2 
300 0.1000 96 25.4 14.4 
480 0.1000 96 25.2 15.6 

1140 0.1000 100 24.0 15.2 
1440 0.0999 100 24.4 15.6 
2880 0.0997 98 29.2 16.2 
4320 0.0999 96 24.9 16.4 
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Table  22 Thermodynamics of adsorption, 200 rpm, 24 h (section 4.3.5) 

Temperature (°C) Carbon (g) Ce (mg/l) qe (mg/g) 
20 0.0996 8.00 10.0 
20 0.1005 21.7 18.3 
20 0.0999 43.0 22.9 
20 0.1008 60.5 25.9 
30 0.0994 10.5 9.43 
30 0.0999 28.3 15.6 
30 0.0994 42.5 18.6 
30 0.1009 65.5 22.2 
40 0.1011 13.8 6.4 
40 0.099 26.6 13.4 
40 0.1011 49.5 16.4 
40 0.1011 68.5 19.2 
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