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ชื่อวิทยานิพนธ ์ วัสดุคาร์บอนที่เตรียมโดยผักตบชวาผ่านกระบวนการไฮโดรเทอร์มัลคาร์บอไนเซช่ัน 

ผู้เขียน  นางสาวอมลรดา  สานิง 

สาขาวิชา เคมีเชิงฟิสิกส์ 

ปีการศึกษา 2561  

บทคัดย่อ 

ผักตบชวา (Eichhornia crassipes) เป็นวัชพืชต่างถิ่นได้ถูกเปล่ียนให้เป็นวัสดุคาร์บอนผ่านกระบวน
การไฮโดรเทอร์มัลคาร์บอไนเซช่ันซึ่งเป็นกระบวนการท่ีให้พลังงานต่่าและเป็นมิตรต่อส่ิงแวดล้อม โดย
กระบวนการดังกล่าวให้ผลิตภัณฑ์ออกมาท้ังในรูปของแข็งและของเหลว ผลิตภัณฑ์ในส่วนของแข็ง
หรือไฮโดรชาร์ถูกเพิ่มคุณสมบัติแม่เหล็กโดยการเติม Fe3+ และกระตุ้นทางเคมีเพื่อเพิ่มรูพรุนให้กับ
วัสดุโดยใช้ KOH วัสดุคาร์บอนที่ได้มีคุณสมบัติแม่เหล็กท่ีดีและถูกน่าไปใช้เป็นตัวดูดซับในการก่าจัดสี
ย้อม (เมทิลีนบลูและเมทิลออเรนจ์) และเตตราไซคลิน โดยให้ค่าการดูดซับสูงถึง 524.20 (เมทิลีนบลู), 
425.15 (เมทิลออเรนจ์) และ 294.24 mg g-1 (เตตราไซคลิน) ซึ่งเป็นผลมาจากพื้นท่ีผิวท่ีสูงและมีรู
พรุนขนาดกลางซึ่งช่วยในการดูดซับสารโมเลกุลขนาดใหญ่ นอกจากนี้ผลิตภัณฑ์ในส่วนของเหลวซึ่ง
สามารถละลายน้่าได้ดี ถูกน่าไปกระตุ้นด้วย KOH ในอัตราส่วนท่ีต่่าเพื่อเพิ่มพื้นท่ีผิวให้กับวัสดุ โดย
วัสดุท่ีเตรียมได้มีพื้นท่ีผิวสูงถึง 2,545 cm2 g-1 ซึ่งเหมาะสมกับการน่าไปใช้เป็นตัวเก็บประจุยิ่งยวด 
เมื่อศึกษาประสิทธิภาพของตัวเก็บประจุท่ีเตรียมได้พบว่ามีค่าการเก็บประจุจ่าเพาะ อยู่ท่ี 100 F g-1 
ท่ี 1 A g-1 และยังคงมีประสิทธิภาพการเก็บประจุสูงถึง 92% แม้ผ่านการใช้งานมาแล้วกว่า 10,000 
รอบ ในงานวิจัยช้ินนี้แสดงให้เห็นว่ากระบวนการไฮโดรเทอร์มัลคาร์บอไนเซช่ันเป็นกระบวนการท่ีมี
ประสิทธิภาพในการเปล่ียนชีวมวลให้เป็นวัสดุคาร์บอนท่ีมีคุณค่า สามารถใช้ประโยชน์ได้ท้ังผลิตภัณฑ์
ในส่วนของแข็งและของเหลว  
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carbonization of water hyacinth (Eichhornia crassipes) 
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Major program Physical Chemistry  

Academic Year 2018 

Abstract 
Troublesome aquatic weed, water hyacinth (Eichhornia crassipes) was 

converted into solid and liquid fractions via green and energy-saving hydrothermal 
carbonization (HTC). The solid product, hydrochar, was employed as a precursor to 
prepare magnetic carbon materials by simple activation and magnetization using KOH 
and Fe3+ ions, respectively. The obtained magnetic adsorbent possessed good 
magnetic properties and presented outstanding capacities to adsorb methylene blue 
(524.20 mg g-1), methyl orange (425.15 mg g-1) and tetracycline (294.24 mg g-1) with 
rapid adsorption kinetics even at high concentrations (up to 500 mg L-1), attributed to 
high specific surface area and mesopore porosity. Besides the solid hydrochar, the 
water-soluble liquid product was used to fabricate carbon-based supercapacitors 
through facile KOH activation with considerably lower KOH amount in comparison to 
conventional activation. The supercapacitor electrode made from activated liquid 
product possessed an extremely high specific surface area of 2545 cm2 g-1 and showed 
excellent specific capacitance (100 F g-1 or 50 F cm-3 at 1 A g-1) and good retention of 
capacitance (92% even after 10,000 cycles). This work demonstrated that both solid 
and liquid HTC fractions from this bio-waste can serve as effective sources to prepare 
functional carbon materials, making this approach a sustainable zero-waste biomass 
conversion process. 
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THE RELEVANCE OF THE RESEARCH WORK TO THAILAND 
 Water hyacinth (Eichhornia crassipes) is a floating aquatic weed. It is 
considered as the invasive species which severely spreads around the world 
including Thailand. Due to its uncontrollable growth, it blocks the water 
surface and impedes the water body from oxygen and sunlight which 
eventually cause water pollution and thereby ruining the ecosystem. 
However, there is not many effective methods reported about this problem 
solving.   

 In this research, the valorization of water hyacinth into value-added 
carbon materials (magnetic carbon adsorbent and supercapacitor) via a green 
hydrothermal carbonization was demonstrated in order to purpose the 
potential usage of this invasive alien species. The results from this thesis 
could lead to the transfer of knowledge into the practical applications.  
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CHAPTER 1 

INTRODUCTION 
1.1 Introduction 

Water hyacinth (WH, Eichhornia crassipes) is a floating aquatic weed originating 
from South America. It is considered an invasive species that has spread around the 
world. In many countries, including Thailand, Indonesia, and China, WH reproduces 
very quickly, covering large water bodies including rivers, lakes and canals, impeding 
water flow, and starving the water of oxygen. This often kills fish and other species and 
reduces biodiversity[2]. It has been reported that it takes only one day to reproduce 
over one-fourth tons of dried WH per hectare[2]. Nowadays, attempts at beneficial 
utilization of WH have been spent mostly on handicraft products[3] and fertilizers[4]. 
However, regarding the economic merits of this approach, such products do not 
provide much value. The real problem is that WH grows at a rate that surpasses its 
consumption. Therefore, to address this problem in an economically viable fashion, 
the WH needs new innovative uses.  

Considering its chemical composition, WH has notable lignocellulosic content, 
including 48% hemicellulose as the major component, along with 20% cellulose and 
3.5% lignin[4]. Since WH has excessive reproduction rate and is rich in cellulose, 
hemicellulose and lignin, it can potentially be employed as a proper carbon source. 
For this reason, considerable attention has been paid to the use of WH to prepare 
functional carbon materials or value-added chemicals[3], [5]–[11]. 

Hydrothermal carbonization (HTC) is a simple process to convert biomass into carbon 
materials, performed using water as the medium in a closed system at self-generated 
pressure and moderate temperatures (150-350 °C)[12], [13]. The process involves 
hydrolysis and dehydration of lignocellulosic compounds in the biomass. Unlike 
conventional pyrolysis at higher temperatures, a prominent reason making HTC an 
attractive method is that the outcome products are in both solid and liquid forms, and 
the treatment temperatures are relatively low. The solid product from HTC is 
hydrochar with surfaces that are rich in oxygenated functional groups[13], [14]. The 
abundant oxygen in these groups provides hydrophilicity to the hydrochars, and 
facilitates use as catalysts, or as adsorbents of polar or cationic guest molecules[14]–
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[16]. However, hydrochar typically has poor porosity that reduces its suitability for 
adsorbent, which needs to have large specific surface for adsorption capacity. Aside 
from the solid hydrochar, the liquid product from HTC contains various valuable 
platform chemicals soluble in water, for example levulinic acid, hydroxymethylfurfural 
(HMF), furfural, phenolic compounds, and lignin compounds[17]. Although these 
compounds are attractive as biofuels, fractionating them would be time- and energy-
consuming, and require the use of expensive catalysts to convert the fractions to higher 
value chemicals[18]–[20]. 

Only a few studies have reported on direct uses of this liquid product from 
HTC for the synthesis of solid carbon materials[21], [22]. Bai and co-workers[22] used 
black liquor, the liquid product from KOH-assisted HTC of rice straw, to prepare a 
carbon-based acid catalyst. The study suggested that the liquid product has promising 
potential as carbon source in carbon material synthesis. Shortly after, Zhu et al.[21] 
prepared N-doped supercapacitors using the liquid product or black liquor from HTC 
of rice straw in the presence of KOH.  It is clear that the high water-solubility of black 
liquor has enabled an alternative way to ensure homogeneous integration of other 
elements or compounds into the final carbon materials.  

To the best of our knowledge, only a few publications have mentioned the use 
of both phases from HTC to fabricate functional materials for different applications.[23] 
In this current study both solid hydrochar and liquid fractions from HTC of WH are used 
as precursors to prepare magnetic adsorbents and a supercapacitor, respectively. The 
magnetic adsorbents have superior adsorption of toxic chemicals (dyes and 
tetracycline) and the supercapacitor has excellent specific capacitance and good 
capacitance retention. It is also worth mentioning that our proposed methods mainly 
employed water as the medium in all steps, totally excluding toxic organic solvents, 
thereby making the processes environmentally friendly.  

This study demonstrates that undesired WH biomass can be easily transformed 
into functional carbon materials with multiple uses, by using both the solid and the 
liquid fractions from HTC. This concept of converting WH biomass into high value-
added functional materials appears sustainable and does not generate waste. 
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1.2 Preliminary knowledge and Theoretical section 
1.2.1 Hydrothermal carbonization 
  Hydrothermal carbonization is a process converting carbon precursor into 
carbon materials using low temperature. The experiment is performed in closed 
system and incorporates with water. During the process, the pressure is self-generated 
within the reactor and changes the water properties into an active form. In the initial 
period of HTC of biomass, the hydrolysis reaction takes the important role in converting 
cellulose in biomass into (oligo-) saccharides and dissolves the lignin fraction into the 
water phase which further was hydrolyzed into phenol compounds. Next, the hydroxyl 
groups were destroyed via the dehydration reaction which relates to the elimination 
of water from the precursor and the carboxyl functional group destruction was also 
conducted by decarboxylation step. Then the aromatization is taking place for 
conversion of double-bonded compounds into single bond groups. Furthermore, the 
final reaction involved in HTC process is re-condensation which mainly relate to the 
lignin fraction and lead to the formation of hydrochar.[16], [24]  

1.2.2 Adsorption  
Adsorption is the process happening on the surface of the materials. The 

phenomenon starts when the adhesion energy between solid materials surface (the 
adsorbent) and the adsorbate in gas or liquid phase becomes higher that the cohesion 
energy. The higher material surface area, the greater adsorption efficiency the materials 
provide. The fundamental mechanisms of the adsorption are physisorption and 
chemisorption. The physisorption or physical adsorption occurs when the adsorbent 
and adsorbate molecules are interacted using London-Van der Waal force. Another 
adsorption mechanism is chemisorption which relates to the chemical bonding of 
adsorbent and adsorbates.[25] This technique is widely used in industry section for 
wastewater remediation.  

1.2.2.1 Adsorption kinetic 

Adsorption kinetic is the experiment performing with certain amount of 
adsorbate and adsorbent in various time in order to study the effect of contact time 
on the adsorption behavior. This experiment provides the adsorption equilibrium time 
and adsorption rate calculating by adsorption kinetic models such as pseudo first- and 
pseudo second kinetic model[26]. 
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  (1) Pseudo first kinetic model 

 Pseudo first order kinetic model is one of the basic kinetic models purposed in 
1898 by Lagergren. The model equation can be expressed in non-linear form as  

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)     (1) 

 Where qt and qe are the adsorption capacity at certain time and at equilibrium, 
respectively. k1 is the rate constant of pseudo first kinetic model[27]. 

 (2) Pseudo second kinetic model 

Pseudo second order is one of the most used kinetic models developed by 
Ho.[28] The pseudo second kinetic graph was presented by plotting adsorption 
capacity (qt) versus the contact time. Furthermore, the adsorption rate could be 
expressed as  

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2       (2) 

Where k2 represents the pseudo second order fitted adsorption rate constant. 
Then the equation (1) was integrated using t=0 to t=t and qt=0 to qt = t as a boundary 
condition. The result is given as:  

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
     (3) 

1.2.2.2 Adsorption isotherm 

Adsorption isotherm is the experiment studying the equilibrium state of the 
adsorption. The experiment could simply perform by mixing the certain amount of 
adsorbent with various concentration of adsorbate until the adsorption equilibrium has 
reached. The isotherm is plotted using the adsorption capacity at the equilibrium 
versus the equilibrium concentration[29].   

(1) Langmuir isotherm 

Langmuir isotherm, which originally purposed by Irving Langmuir, describes the 
behavior between homogeneous adsorbent surface and adsorbate molecules. The 
model assumes that there is monolayer adsorption on the surface of the adsorbent. 
The Langmuir model can be fitted using non-linear equation (3) 
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𝑞 =
𝑞𝑚𝑎𝑥 𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
     (4) 

Here qmax is maximum adsorption capacity, KL is Langmuir constant and Ce is 
the equilibrium concentration[29]. 

 (2) Freundlich isotherm  

 Unlike the Langmuir model, Freundlich model assumes that the surface of the 
adsorbent is heterogeneous and the adsorption between adsorbent and adsorbate 
molecules is formed in multilayer form[30]. The Freundlich model equation could be 
expressed as  

𝑞𝑒 = 𝐾𝐹 ∙ 𝐶𝑒
1/𝑛𝐹     (5) 

 Where KF is Freundlich constant and n represents the empirical constant. 

1.2.3 Supercapacitor 
Supercapacitor is the alternative energy storage device. Despite the relatively 

low energy density compared to batteries, its high specific capacitance, favorable 
power density and great cyclability. the energy density and power density capability 
of supercapacitor could be illustrated using Ragone plot in figure 1  

 

Figure 1 Ragone plot described energy and power density behavior of energy 
storage devices  
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There are 3 types of supercapacitors which are pseudocapacitors, 
electrochemical double-layer capacitors (EDLCs) and Hybrid capacitors defined by the 
interaction on the electrode surface. EDLCs relates to the adsorption and desorption 
of ion in the pores of the materials, especially micropores, the during charge/discharge 
processes. The capacitance of EDLCs depends on the thickness of the double layer of 
electrode and electrolyte. The pseudocapacitor relates to the faradaic reaction or 
redox reaction. This reversible oxidation and reduction process could enhance the 
capacitive performance of the preusocapacitor to over 10-100 times of EDLCs’ 
capacitance. However, the drawbacks of this type of capacitor are the low cyclability 
due to the loss of functional group during faradaic process and its materials’ low 
conductivity. The last type of capacitor is hybrid capacitor which is the combination 
between carbon and Li-ion electrode[31]–[33].  

 1.2.3.1 Carbon materials using as the supercapacitor electrode 

 Since carbon materials provide high surface area which enhances the 
performance of the electrode, carbon material is the most extensively chosen 
materials for supercapacitor electrode preparation, especially, activated carbon which 
is low cost and has an appropriate surface area[34]. 

 1.2.3.2 Metal oxide using as the supercapacitor electrode 

 Metal oxide is one of the most effective materials using as supercapacitor 
electrodes. The factors making these materials a satisfactory precursor are its high 
conductivity and favorable specific capacitance. The most reported metal oxide-based 
supercapacitors are Ruthenium oxide and Manganese oxide[31]. 

1.3 Review of literature 
 In this thesis, the literature review is divided into 3 section which are 1) The 
biomass conversion using hydrothermal carbonization process 2) The preparation of 
magnetic carbon materials and 3) the fabrication of carbon-based supercapacitor 

1.3.1 The biomass conversion using hydrothermal carbonization process 
 Ghadikolaei and coworkers (2019)[35] prepared the N-functionalized hydrochar 
through the hydrothermal carbonization of Tetra Amino Hyperbranched Polymer 
(TAHP) and walnut shell at 250 °C for 60 minutes. The optimized functionalized 
hydrochar has high surface area of 544 m2 g−1. The materials were further used as 
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adsorbents for Cr(VI) removal. The adsorption result shows that the optimized material 
provided highest adsorption efficiency of 363.22 mg g−1 according to Freundlich 
isotherm and kinetic result was fitted with pseudo-second-order kinetic model.  

 Li and coworker (2018)[36] prepared the adsorbent from bamboo sawdust using 
hydrothermal carbonization process in acid solution and two-stage hydrothermal 
carbonization. Then the obtain materials were used to study their adsorption efficiency 
on Congo red and 2- naphthol removal. The adsorption result demonstrated that the 
highest adsorption capacity provided by the selected adsorbents is 90.51 and 72.93 
mg g-1 for Congo red and 2- naphthol, respectively. 

 Bai and coworkers (2016)[22] studied the fabrication solid acid catalyst from 
black liquor. The black liquor was obtained from liquid product of KOH-assisted 
hydrothermal carbonization at 120 °C for 4 hours. Then the obtained black liquor was 

further carbonized at 600 °C for 2 hours and heated in H2SO4 at 150 °C for 10 h to 

functionalize –SO3H groups.  The final product was used as an effective catalyst for 
total reducing sugar production. 

 Zhu and coworkers (2017)[21] prepared the N-doped high-performance 
supercapacitor from saw dust derived black liquor from hydrothermal carbonization. 
First, saw dust was mixed with KOH solution and heated at 120 °C for 4 hours in Teflon 

lined stain-less steel autoclave. The liquid product was called black liquor.  Afterwards, 
melamine was added into the black liquor as a nitrogen source and carbonized under 
N2 atmosphere at 700-900 °C. The electrochemical experiment was performed with 

the optimized sample (carbonized temperature of 800 °C) and found that the specific 

capacitance of the materials is 337 F g-1 at current density of 0.5 A g-1 using 6 M KOH 
as electrolyte which demonstrated the high potential of using the materials as a 
supercapacitor.   

 All literatures suggest that hydrothermal carbonization is the appreciable 
method for biomass conversion into value-added materials since both liquid and solid 
product could be used as carbon precursor.  

1.3.2 The preparation of magnetic carbon materials 
Ifthikar and coworkers (2017)[37] fabricated the magnetic carbon adsorbent via 

the pyrolysis of sewage sludge and further activation using ZnCl2. Afterwards, the 
magnetic property was added into the materials by precipitation of FeCl3·6H2O and 
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FeSO4·7H2O under basic solution. The obtained material was investigated its Pb(II) 
adsorption and found that the maximum adsorption capacity of the material is 249.00 
mg g-1. 

Astuti and coworkers (2019)[38] prepared magnetic activated carbon from 
pineapple crown leaf. Activated carbon was prepared by carbonizing pineapple crown 
leaf at 500 °C for 90 minutes and KOH-activation using microwave oven. Then the 

obtained activated carbon was stirred in solution of FeCl3·6H2O and FeSO4·7H2O and 
NaOH solution was further added dropwise into the mixture in order to introduce the 
magnetic property. The result shows that the obtained materials have desirable surface 
area and pore texture suitable for dye removal. Moreover, the KOH also has an 
important role in porosity development. 

Han and coworkers (2016)[39] prepared the magnetic biochar from peanut hull. 
First, ground peanut hull was stirred in FeCl3·6H2O solution, dried and carbonized under 
N2 atmosphere at 450-650 °C for 1 hours. The XRD pattern showed that the iron species 

in the materials is -Fe2O3 which demonstrated good magnetization property. 
Furthermore, the materials were used as adsorbents for Cr(VI) removal. 

The studies show that the addition of magnetism into the materials can be 
simply fabricated using co-precipitation of Fe(II)/Fe(III) in basic solution or carbonization 
Fe(III) at high temperature. In this work, FeCl3·6H2O and KOH were used as an iron 
source and activating agent, respectively. 

1.3.3 The fabrication of carbon-based supercapacitor 
 An and coworkers (2017)[40] studied the preparation of supercapacitor from 
Agaric through KOH activation (precursor: KOH = 1:1) at 750 °C for 2 hours. The obtained 

material has high specific surface area 1565.6 m2 g−1. In term of electrochemical 
performance, the material exhibits outstanding specific capacitance of 324 F g−1 at a 
current density of 1 A g-1 in 1 M H2SO4 solution and good energy density of 27.2 Wh 
kg−1.  

 Song and coworkers (2019)[41] successfully synthesized EDLCs from tea waste. 
The KOH activation process (precursor: KOH = 1:2) at 900 °C for 1 hours was performed 

to enhance the porosity of the materials. The result shows that the high surface 
material (911.92 m2 g−1) has excellent capacitive performance in term of cyclability 
(96.7 % capacitance retention after 16,000 cycles) and power density (3,494.70 W kg−1 

at energy density of 19.45 Wh kg−1). 
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Elaiyappillai and coworkers (2019)[42] prepared the supercapacitor from 
Cucumis melo peel through carbonization at 300 °C for 4 hours and further KOH 

activation at 600-900 °C for 3 hours. The outstanding specific capacitance of the 

material (404 F g−1 at 1 A g−1) and good energy density (29.30 Wh kg−1 at power density 
of 279.78 W kg−1) supported the potential of materials for using as a high-performance 
supercapacitor. 

 

 1.4 Objective 

To study the possibility of preparing carbon materials from hydrothermal 
carbonization of water hyacinth  
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CHAPTER 2 

RESERCH METHODOLOGY 
2.1 Chemicals and materials 

1. Ferric (III) chloride hexahydrate (FeCl3·6H2O, 99.0%) was purchased from Loba 
Chemie.  

2. Potassium Hydroxide (KOH) (85.0%) was purchased from Merck. 
3. Tetracycline (TC) was purchased from Sigma-Aldrich. 
4. Carbon black were purchased from Sigma-Aldrich. 
5. Polytetrafluoroethylene (PTFE) 60 wt % dispersion in H2O was purchased from 

Sigma-Aldrich. 
6. Methylene blue (MB) was purchased from Unilab.   
7. Methyl orange (MO) was purchased from Unilab.  
8. Water hyacinth (Eichhornia crassipes) was obtained from a canal in residential 

area at Khuan Ru, Rattaphum District, Songkhla province, Thailand 
(711'15.7"N 10018'58.5"E)  

2.2 Equipment and instruments 

1. N2 adsorption-desorption technique (Micromeritics, ASAP 2460)  
2. Transmission electron microscopy (TEM, JEOL JEM-2010 and JEOL JEM-2011)  
3. Scanning Electron Microscopy equipped with energy dispersive X-Ray 

Spectroscopy (SEM-EDS, FEI, Apreo).  
4. X-ray diffractometer (XRD, Philips, X’Pert MPD). 
5. X-ray photoelectron spectroscopy (XPS, Kratos Analytical Ltd., AXIS Ultra DLD)  
6. Vibrating-sample magnetometer (VSM, LakeShore, Model 7404,)  
7. Thermogravimetric analysis (TGA, Perkin Elmer, TGA7)  
8. Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Perkin-

Elmer, Avio500)  
9. UV-Vis spectrophotometer (Shimadzu, UV1800) 
10. Shaking incubator (Sci Finetech, FTSH-501) 
11. Potentiostat (Bio-Logic, VSP-300) 

2.3 Method 
2.3.1 Hydrothermal carbonization of Water hyacinth  

The fresh WH stems collecting from residentiary section at Khuan Ru, 
Rattaphum District, Songkhla province, Thailand (711'15.7"N 10018'58.5"E) were 
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washed by tap water to remove dirt and impurities. Then the clean WH stems were 
cut into small pieces (approximately 1X5 cm) and dried in hot air oven at 90°C until 

the WH sample was completely dried. Next, the pieces of WH stem were ground into 
fine powder (<710 µm). Afterwards, 8.0 g of dried WH powder was mixed with 150 ml 
DI water in 400 ml Teflon container and the reaction was conducted at 180°C for 24 

hours in 400 ml Teflon-lined stainless-steel autoclave. After cooling down the 
autoclave naturally, the obtained sample was filtered via vacuum filtration to separate 
the solid and liquid product.  

2.3.2 Preparation of magnetic carbon composite from HTC solid product  
The obtained solid product or hydrochar was dried at 90°C for 18 hours and 

labeled as WHHTC. To add the magnetic property, 2.50 g of WHHTC was stirred in 25 
ml FeCl3·6H2O solution for 1 hours. Then 25 ml 10%w/v KOH solution was added 
dropwise to the mixture and further stirred for 12 hours. Then the mixture was dried 
at 90°C for 18 hours and carbonized under N2 atmosphere at 800°C for 3 minutes 

(ramp rate: 2°C min-1 to 600°C holding for 15 minutes and heating 5°C min-1 to 800°C 

holding for 90 minutes). The carbonized sample was further washed by hot DI water 
several times to remove the impurities and dried at 80°C for 12 hours. The as-

synthesized magnetic materials were labeled as MWHHTC(X)-Y where X (X = 0.2 and 
1) stand for the ratio of KOH to biochar and Y (Y = 500 and 700) is the carbonization 
temperature. The conditions using for preparing magnetic carbon materials in this study 
were shown in the following Table 1. 

Table 1 the weight ratio of WHHTC:KOH and synthesis temperature using in this study  

Samples 
Weight ratio of 

WHHTC: FeCl3·6H2O: KOH 
Carbonization temperature 

(°C) 

MWHHTC(0.2)-500 5:1:1 500 
MWHHTC(0.2)-800 5:1:1 800 
MWHHTC(1)-500 5:1:5 500 
MWHHTC(1)-800 5:1:5 800 

 

2.3.3 The stability of magnetic carbon materials towards various pH range 
The magnetic carbon material was studied the iron leaching in various pH to 

confirm the stability of the material. 0.01 g of magnetic carbon material was shaking in 
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20 ml pH-adjusted DI water which adjusted the pHs by adding 0.1 M HCl or 0.1 M 
NaOH. The mixtures were shaken at 250 rpm for 24 hours. Afterwards, the carbon 
material was isolated from the solution by vacuum filtration. The concentration of iron 
in the solutions were determined using Inductively Coupled Plasma Optical Emission 
Spectrometer (ICP-OES).   

2.3.4 The adsorption study of magnetic carbon materials 
All magnetic carbon materials were roughly tested their adsorption property by 

immersing 0.01 g sample in 20 ml 500 mg/l MB solution shaking at 250 rpm for 24 
hours. Then the adsorbents were separated from the solutions by external magnet. 
The after-adsorption solutions were determined their concentration by UV-Vis 
spectrophotometer using calibration method to achieve the optimum adsorption 
condition. Furthermore, all the adsorption studies were performed using Methylene 
Blue (MB, a cationic dye), Methyl Orange (MO, an anionic dye) and Tetracycline (TC, a 
neutral antibiotic) as the model adsorbates which their chemical structures are shown 
in Figure 2 

 
Figure 2 the chemical structure of adsorbates using in this study: (a) Tetracycline (b) 
Methylene Blue (c) Methyl Orange 

2.3.4.1 Adsorption kinetic study 

To study the kinetic behavior of the materials, 0.01 g of magnetic carbon 
material was shaken in 20 ml model dye solution (500 mg L-1 for MB and MO, and 200 
mg L-1 for TC) at room temperature (30±2°C) for 0.5-24 hours using 250 rpm by Shaking 

incubator. Afterwards, the solutions wes separated by external magnet to investigate 
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their concentration via UV-Vis spectrophotometer. The adsorption capacity in varied 
time was calculated by equation 6 

𝑞 =
(𝐶0−𝐶𝑒)𝑉

𝑚
               (6) 

2.3.4.2 Adsorption isotherm study 

The adsorption equilibrium behavior was study by adding 0.01 g magnetic 
carbon into various concentration of adsorbates (50-500 mg L-1 for MB and MO, and 
40-200 mg L-1 for TC). The 50 ml conical flasks containing adsorbate and adsorbent 
were continuously shaken for 24 hours at 30±2°C. After adsorption, the external 
magnet was used for separating carbon material from the solution and using UV-Vis 
spectrophotometer to analyze the concentration of the adsorbates.  

2.3.5 The synthesis of supercapacitor using liquid product from HTC method  
The HTC liquid product was dried at 80°C for 18 hours so call Crude Liquid 

Phase or CLP. 1.0 g of CLP was dissolved in 25 ml 2.4 %w/v of KOH solution and stirred 
for 30 minutes. The CLP-KOH solution was poured into petri dish and cured at 80°C for 

18 hours. Then the dried sample was further pyrolyzed under N2 atmosphere at 800°C 

for 3 hours using the same ramp rate as magnetic carbon material synthesis. The after-
carbonized carbon material was rinsed with 0.1 M HCl and DI water several time to 
remove alkaline salts and other impurities. In the following step, the sample was dried 
at 80°C for 8 hours and labeled as CLP+KOH-800.  

2.3.6 Fabrication of supercapacitor electrodes from carbon materials derived 
from CLP and its electrochemical properties 

The electrochemical properties of CLP+ KOH- 800 were tested in a symmetric 
configuration using free-standing carbon electrodes and 6 M KOH as electrolyte. The 
free-standing carbon electrodes were fabricated by mixing 90 wt% of CLP+ KOH- 800 
with 5 wt% of Carbon black Super P® Conductive (99+% - metals basis, Alfa Aesar) and 
6 wt% of PTFE (polytetrafluoroethylene preparation diluted 10 times with water from 
a commercial PTFE - 60wt % dispersion in H2O, Sigma-Aldrich) in absolute ethanol. 
Ethanol was completely removed from the mixture by heating at 110 C. Then 2-3 
drops of ethanol were added into the dried carbon-binder mixture, pasted between 
the polyamide sheet and progressively calendered in an electric 2-rolls mill, until a 
homogeneous film of 100 μm thickness was obtained. The electrodes were punched 
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in disks of 7 mm diameter and dried at 200 C overnight. The density of the electrodes 
was calculated using the following equation:  

𝜌 =
𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
=

𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑆∙𝑡
      (7) 

Where melectrode (g) is the weight of one electrode, Velectrode (cm3) is the 
macroscopic volume of the electrode, as determined by multiplying the section S 
(cm3) and the thickness t (cm). The density of 0.47 g cm3 was found to be one of the 
most dense carbons compared to most bio-based activated carbons found in the 
literature[43]–[46]. This can be explained by the low ratio KOH:carbon precursor used 
in this experiment.  

 

Figure 3 (a) Section of a Swagelok cell (taken from M. Karthik et al [1]) (b) Picture of 
the electrochemical cell. 

The symmetric supercapacitor was built in a Swagelok T-cell, by sandwiching 
the two carbon electrodes (with a weight difference <10%) between two stainless-
steel current collectors (Hasteloy® 276) and separated by a 10 mm disc glass fiber 
separator (Whattman, 1 mm thickness). Prior to the assembly, the two carbon 
electrodes were wetted with the electrolyte. The polarization of both electrodes could 
be observed by adding a reference electrode (Calomel electrode, Hg2Cl2, in saturated 
KCl solution) in the T-cell (see Figure 3).  The voltage window of the cel l  was 
determined by performing CVs at 5mV s -1 on the T-cells without carbon electrodes. 
The corrosion current was only observed beyond 1.3V and 1.2V was thus taken as 
voltage window (see Figure 4). For the measurements, the T-Cell was connected to a 
VSP Biologic potentiostat. Furthermore, 5 0 0  cycles galvanostatic charge-discharge 
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experiment were run at 5 A g−1 before the other electrochemical analysis to improve 
the accessibility of electrolyte to the material. Cyclicvoltammetry (CV) were performed 
using various scan rates from 5 mV s−1 to 2 V s−1. The Galvanostatic charge discharge 
(GCD) of supercapacitor was achieved using different current densities from 0.1 to 130 
A g−1. Moreover, the electrochemical impedance spectroscopy (EIS) in frequency range 
of 200 kHz and 10 mHz was performed with a signal amplitude of 10 mV. The specific 
capacitances (F g−1 and F cm−3) of a working electrode were calculated from the CVs, 
GCDs and EIS using the equations: 

𝐶𝐶𝑉  =
4.𝐼

𝜈.𝑋
        (8) 

𝐶𝐺𝐶𝐷 
=

4.𝑄

(∆𝑉−𝐼𝑅𝑑𝑟𝑜𝑝 ).𝑋
       (9) 

𝐶𝐸𝐼𝑆 =
4.|𝑍′′(𝜔)|

2𝜋𝜔(𝑍′(𝜔)2+𝑍′′(𝜔)2).𝑋
      (10) 

 

Where I represents the current in unit of mA. V is the scan rate (mV/s) using in 
the cyclo-voltammetry experiment. Q (C) is the electric charge derived from the 
discharge cycle of galvanostatic charge-discharge experiment. ∆V (V) is the voltage 
window. IRdrop (V) represents the voltage drop during GCD. For EIS study, ω(Hz) stands 
for the frequency using in the system, while Z’() and Z”( ) are the impedance in 
real part and imaginary part occurred in the system. Finally, for calculating gravimetric 
capacitance, X is the mass of the working electrode in unit of grams. While X presents 
the electrode volume in cm3 in case of volumetric capacitance. 

2.3.7 The Carbon materials characterization 
1. N2 adsorption-desorption technique was used for study the porosity and pore 

texture of the as-synthesized materials. Before performing the analysis, the 
samples were degassed at 200°C for 900 minutes.  

2. Transmission electron microscopy was used for investigating nanosized 
materials including character of iron in the samples.  

3. Scanning Electron Microscopy equipped with energy dispersive X-Ray 
Spectroscopy (SEM-EDS) was used to study the surface morphology and iron 
distribution in magnetic adsorbents  
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4. X-ray diffractometer was used to identify the iron species of magnetic carbon 
materials.  

5. X-ray photoelectron spectroscopy (XPS) was used to study surface functionality 
and elemental composition of the materials.  

6. Vibrating-sample magnetometer (VSM) was used to analyze the magnetism of 
the materials.  

7. Thermogravimetric analysis (TGA) was used to identify the thermal stabilities of 
the liquid product from HTC process.  

 

 

Figure 4 Electrochemical stability window of 6MKOH compared to other electrolytes 
(1M H2SO4, 0.5M K2CO3 and saturated NaClO4). (a) and (b), Cyclovoltammograms 
showing the corrosion or degradation current peaks observed at various potentials; (c) 
and (d) Cyclovoltammograms showing the stable electrochemical potential window 
chosen for each electrolyte. It is seen that 6M KOH allows a voltage window of 1.2 V 
while avoiding electrolyte degradation at high overpotential.  
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CHAPTER 3 

RESULT 
3.1 Character of hydrothermal carbonization products  

The hydrothermal carbonization of water hyacinth at 180°C for 24 hours 
provided both solid and liquid products. The solid phase (WHHTC) appeared dark 
brown and had approximately 46.34±2.88 wt% yield compared with the dried water 
hyacinth precursor. The obtained liquid product was a dark brown solution. This 
fraction was dried and weighed in order to calculate %yield of the product. The 
approximate %yield of dried crude liquid phase product (herein called CLP) was found 
to be 16.86±2.02 wt% with respect to the dried WH precursor, which was further 
employed as a carbon precursor for the production of supercapacitors. The overview 
of the synthesis is shown in Scheme 1.  

 

Scheme 1 the material preparation steps via hydrothermal carbonization of water 
hyacinth at low temperature 

The surface chemical functionality and elemental content of WHHTC, the 
obtained hydrochar, was investigated by XPS. The result in Table 2 suggests that even 
before simultaneous magnetization and activation, WHHTC has rather satisfactory 
carbon (65.80 wt%) and oxygen (27.63 wt%) contents. 

Furthermore, the C 1s deconvolution spectra of WHHTC in Figure 5  also show 
that the material main functional group is C=C (43.3 %Area) followed by C-O-C (22.2 
%Area), C-O (14.0 %Area), C=O (14.0 %Area), and O-C=O (6.4 %Area) as shown in Table 
3. 
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Table 2. Elemental compositions of prepared carbon materials characterized 
by XPS. 

 

Materials 
wt% 

C O N Ca Si Mg Cl 

MWHHTC 65.80 27.63 1.84 2.75 1.95 - - 

MWHHTC(1)-800 76.45 16.44 - 7.10 - - - 

CLP 60.82 24.60 4.73 2.93 1.34 2.59 2.98 

CLP+KOH-800 78.73 15.05 - - 6.22 - - 
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Figure 5 (a) the C1s and (b) deconvolution spectra of WHHTC  
 

 

a 

b 
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Table 3. %Area of functional groups derived from C1s deconvolution XPS 
spectra of prepared materials. 

Materials 
%Area 

C=C C-O C-O-C C=O O-C=O −* 

MWHHTC 43.3 14.0 22.2 14.0 6.4 - 

MWHHTC(1)-800 65.5 16.7 6.8 4.6 4.0 2.4 

CLP 43.3 14.0 22.2 14.0 - - 

CLP+KOH-800  64.9 16.6 8.4 5.2 5.0 - 
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Despite the rich oxygenated chemical functionality in the WHHTC, it has a 
relatively poor surface area (7.35 m2/g) and terribly small amount of pore volume 
(0.0440 cm2/g) as shown in Table 4. 

Table 4. BET surface area, total pore volume micropore volume and mesopore fraction 
of prepared materials. 

Materials  
BET surface area  

(m² g-1) 

Total pore 
volume  
(cm³ g-1) 

micropore 
volume 

 (cm³ g-1) 

mesopore 
fraction (%) 

MWHHTC 7.35 0.0440 0.0006 98.64 

MWHHTC(1)-
800 

973.56 0.6217 0.0888 85.71 

CLP-800 144.70 0.0849 0.0311 62.64 
CLP+KOH-800 2544.87 1.4563 0.0889 93.90 

The thermal behavior of CLP was studied in detail at temperature range 50-
1000°C (ramp rate = 10°C min-1) under N2 atmosphere by TGA. According to the 
thermogram in Figure 6, the weight remained 48.30 wt% even at 1000°C. The 
thermogram of CLP apparently exhibits 32.4 wt% loss around 200-700°C. Above 700°C, 
there is a minor weight loss by 19.3 wt%. 

 

Figure 6. TGA thermogram of CLP. The experiment was performed from 50-1000 
°C (ramp rate: 10 °C min-1) 
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Moreover, the lignin content of CLP was examined using the TAPPI T222 om-
98 standard method[47] and found to be 5.33 wt%.  

The chemical functionality of CLP investigated using XPS (Table 2) indicates 
that major elements of CLP were carbon, oxygen, and nitrogen at 60.82 wt%, 24.60 
wt%, and 4.73 wt%, respectively. Hence, CLP from green HTC of water hyacinth 
composed of high proportion of carbon (mainly sp2 carbon (43.3%) and C-O (14.0%)) 
(Table 3).  

3.2 Magnetic carbon materials as an adsorbent 
3.2.1 Characterization of magnetic carbon materials 

The adsorption of initially 500 mg L-1 methylene blue was tested with all as-
prepared magnetic carbon materials to select near optimal synthesis conditions for an 
adsorbent.  

On preparing magnetic carbon materials, we employed 500 or 800 C to study 
effects of this choice on magnetization degree and porosity properties of the resulting 
carbons. It is clear that both carbonization temperatures (500 °C and 800 °C) and KOH 
weight ratio (biochar (WHHTC): KOH = 1:1 and 1:0.2) had no effects on the magnetic 
properties, as observed by the tiny differences in magnetizations shown in Table 5 (all 
in the small range 4- 6 emu g- 1 ) .  Nonetheless, both factors significantly influenced 
porosity (Table 5). Therefore, MWHHTC(1)-800 was selected for further characterization 
and adsorption studies, having both largest surface area and pore volume among the 
cases tested.  

Physicochemical properties, including surface area and pore texture of 
MWHHTC(1)-800, were studied in detail by various techniques. Figure 7a shows the N2 
isotherm of MWHHTC( 1) - 800, which clearly is of type IV with an obvious hysteresis 
loop. This indicates that the material contained mesopores, which is further confirmed 
from the narrow pore size distribution ( PSD)  in the range 1. 5- 5. 0 nm ( Figure 7b) . 
Furthermore, MWHHTC( 1) - 800 possessed high specific surface and large porosity, 973 
m2/ g and 0.62 cm3/ g respectively.  The material also had high mesoporosity, 87% of 
the total pore volume (Table 5).  
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Figure 7.  (a) N2 sorption-desorption isotherm, (b) pore size distribution calculated by 
DFT, (c) XRD pattern, and (d) leached iron concentrations at various pHs, for 
MWHHTC(1)-800. 
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Table 5.  Comparison of magnetization, porosity parameters and MB adsorption 
capacity across various ratios of activating agent to magnetic adsorbent. 

 

 

  

 

Materials 
Magnetization  

(emu g-1) 

Specific 
surface 
area 

(m2 g-1) 

Total pore 
volume 
(cm3 g-1) 

mesopore 
fraction (%) 

qt=24hon 
MB 

(mg/g) 

MWHHTC(0.2)-
500 

6.00 271.12 0.1825 60.33 16.46 

MWHHTC(0.2)-
800 

4.81 677.66 0.4348 56.28 184.24 

MWHHTC(1)-
500 

6.00 398.14 0.2296 50.57 10.60 

MWHHTC(1)-
800 

4.11 973.56 1.5253 87.89 535.31 
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To investigate the changes in elemental composition and functionality both 
qualitatively and quantitatively, XPS measurements were carried out on both non-
magnetic hydrochar (WHHTC) and the selected magnetic material (MWHHTC(1)-800) .  
The C 1s XPS spectra of both WHHTC (Figure 8a) and MWHHTC(1)-800 (Figure 8b) reveal 
sp2 carbon as the major peak, with 284.6 eV binding energy (BE). The gained sp2 carbon 
content in MWHHTC(1)-800 was clear from those spectra. The C=C functional group in 
MWHHTC( 1) - 800 was significantly increased by carbonization and magnetization of 
relative to initial non-magnetic biochar (WHHTC), from 43.3% to 65.5%, in accordance 
with the decrease in oxygen content (Table 2) .   The peaks at BE 286.0 and 286.8 eV 
correspond to C- O and C- O- C bonds, respectively.  The peaks at 288. 1 and 289. 4 eV 
confirm the presence of C= O and O- C= O groups.  While the content of C= C ( sp2) 
increased, there is decreasing of oxygen functionalities intensity in MWHHTC(1)-800. 

 

Figure 8 XPS C1s spectra of (a) WHHTC and (b) MWHHTC(1)-800. 

Iron occupancy and iron particles in MWHHTC(1)-800 magnetic carbon material 
were characterized by XRD, TEM, and SEM-EDS techniques, as shown in Figure 7c and 
Figures 9a-f, respectively. X-ray diffraction pattern of MWHHTC(1)-800 in Figure 7c had 
peaks at 2 of 44°, 65° and 82°, corresponding to (110), (200) and (211) planes of zero-
valent iron ( ICDD 00- 001- 1262) .  Furthermore, the diffraction pattern also indicates a 
small amount of calcium carbonate residue (ICDD 01-072-1937), which corresponds to 
the small calcium content detected by XPS.  

TEM images in Figures 9a- b confirm the presence of iron particles embedded 
uniformly throughout the material, which is in accordance with the SEM-EDX results in 
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Figure 6f. The SEM-EDX technique also reveals the proportions of carbon, oxygen and 
iron as 74.6 wt%, 12.6 wt% and 6.9 wt%, respectively.  

 

Figure 9 (a-b) TEM images, (c) SEM image, and (d-f) EDX mappings of MWHHTC(1)-800. 

The stability of iron particles in composite adsorbents against leaching over a 
wide pH range is important for eventual practical applications.  MWHHTC( 1) - 800 was 
tested at various levels of pH (2.05-6.30) for 24 hours. The results in Figure 7d indicate 
that MWHHTC(1)-800 had good magnetic stability over a wide pH range from acidic (pH 
3.05)  to neutral (pH 6.30) , with negligible release of iron from the composite (<0.15 
mg/ L) .  In particular, at the pH of DI water ( pH 6. 30) , only 0. 07 mg/ L of Fe ions was 
released.  However, the Fe ion concentration became higher in acidic conditions ( pH 
2.05). 

3.2.2 Adsorption performance of magnetic carbon material MWHHTC(1)-800   
The adsorption kinetics plots in Figure 10a show that the adsorption rapidly 

reached equilibrium, within only 300 minutes even at extremely high concentration of 
MB (500 ppm), MO (500 ppm) or TC (200 ppm).  
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Figure 10 (a) Adsorption kinetics and (b) adsorption isotherms of MB, MO, and 
TC adsorption by MWHHTC(1)-800. 

In order to investigate the kinetics of adsorption in detail, the experimental 
data were fitted with a pseudo second order model as shown in equation 11  

qt =
k2qe

2t

1+k2qet
      (11) 

Here qt is adsorption capacity at any time t, and k2 is a rate constant in the 
pseudo-second-order model. The calculated rate constants (k2) for all adsorbates are 
fairly high, as shown in Table 6.  

Furthermore, equilibrium adsorption isotherms were determined 
experimentally.  The isotherms in Figure 7b show that the MWHHTC( 1) - 800 had high 
adsorption capacity of MB, MO and TC.  The maximum capacities were estimated by 
fitting the Langmuir isotherm model shown in equation 12 

qe =
qmax∙KL∙Ce

1+KL∙Ce
      (12) 

Here qmax is maximum adsorption capacity and KL is Langmuir constant.  The 
isotherm data was well fit by the Langmuir model (R2 =  0.90041, 0.99781, 0.93822) . 
and the Langmuir parameters and the maximum adsorption capacities by MWHHTC(1)-
800 of MB, MO and TC are summarized in Table 6.  
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Table 6 Pseudo second kinetic and Langmuir parameters of MWHHTC(1)-800 on MB, 
MO and TC adsorption. 

 

 

 

 

 

 

Adsorbate 

Pseudo second kinetic model Langmuir model 

k2  

(g 
(mg min)-

1) 

qe  

(mg g-1) 

R2 KL 

(L mg-1) 

qmax (mg 
g-1) 

R2 

Methylene 
blue 

9.14x10-5 500.41 0.99806 5.6447 524.20 0.90041 

Methyl 
orange 

2.73x10-4 421.61 0.99913 1.1772 425.15 0.99781 

Tetracycline 2.82x10-4 288.00 0.99926 2.7576 294.24 0.93822 
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3.3 Carbon-based supercapacitor prepared from the crude liquid phase (CLP) 
3.3.1 Characterization   

In this study, only a small amount of KOH (CLP:KOH = 1:0.6 by weight), relative 
to other reported studies7,46,  was mixed directly into CLP solution that was further 
pyrolyzed, to enhance porosity without a pretreatment step.  

A carbon- based supercapacitor prepared with KOH activated CLP had an 
extremely large BET specific surface area of 2365. 50±163. 70 m2/ g and large porosity 
around 1. 29±0. 15 cm3 g-1.  The sample preparation was carried out in triplicate to 
confirm reproducibility of the preparation protocol. Due to uniformity of the mix with 
KOH in the activation step, surface area and pore volume were similar in all replicates 
along with pore texture, as indicated by the small standard deviations.   Furthermore, 
the N2 sorption-desorption isotherms for all replicates were of mixed type I and IV, in 
the IUPAC classification of isotherms, indicating micropores or small mesopores that 
are suitable for electrochemical applications due to high diffusivity of the electrolyte20. 
One isotherm from the replicates is shown in Figure 11a. 

 

Figure 11 (a) N2 sorption-desorption isotherm, (b) pore size distribution calculated by 
DFT, and (c) XRD pattern of CLP+KOH-800. 
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Chemical functionality and elemental composition of CLP+ KOH- 800 were 
investigated by XPS technique and compared to those of pristine CLP ( Tables 2 and 
3). The activation at 800 C increased the carbon content of CLP+KOH-800 from 60.82 
wt% to 78.73 wt% , while the oxygen content dropped to 15.05 wt%. Moreover, sp2 
carbon content significantly increased from 43. 3 wt%  to 64. 9 wt% , so abundant  
aromatic components were present in the activated sample. Evidence of sp2 carbon is 
also found in the XRD pattern in Figure 11c.  

The XRD result shows two broad diffraction peaks at 2θ =  26° and 44°, 
corresponding to ( 002)  and ( 100)  planes in turbostratic carbons.  The low intensity 
broad diffraction peaks suggest a low degree of graphitization in the CLP+ KOH- 800 
material, in comparison to pure graphite.  

3.3.2 Electrochemical properties and recycling test 
The super-capacitive performances of CLP+ KOH- 800 were investigated using 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical 
Impedance Spectroscopy (EIS). 

The CVs at various scan rates, shown on Figure 12a, reveal the super-capacitive 
nature of CLP+KOH-800 by showing an important capacitive current characterized by 
a rectangular CV shape. However, the CVs reveal also two important side phenomena 
occurring during charging and discharging. The first, related to the important current 
peak observed at low scan rate (5 and 10 mV s-1), is attributed to carbon 
corrosion/oxidation. The second phenomenon, called pseudo-capacitance, is 
characterized by the current bumps at low over potentials during the charging and the 
constant negative current slopes during the discharge.  

In order to assess the performance of the materials at different rates, the 
capability of the material was calculated from the CVs and shown on Figure 12b. Both 
gravimetric and volumetric performances reveal that the material exhibits good rate 
capability, maintaining 80% of its capacitance at 2 V s-1 and 80 F g-1 at 100 A g-1 as 
determined by GCDs (see Figure 13).  
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The galvanostatic charge/discharge also confirm the supercapacitive and 
pseudo-capacitive behaviour of CLP+KOH-800 by exhibiting a nearly triangular shape 
at 1 A g-1 and 100 A g-1 (Figure 12c, d). The increase in charge and discharge time due 
to the faradaic charge transfer is indicated by the dotted arrow which compare the 
performances with an “ideal” double layer supercapacitor. Additionally, the small 
iRdrop in the GCD profiles indicate good electrical conductivity and low cell resistance 
of 0.795 Ω. 

Figure 12 (a) Cyclic voltammograms (CV) of the symmetric cell at various scan rates; 
(b) Rate capability of the device extracted from the CV curves and corresponding error 
bars due to the incertitudes on the electrode density measurement; (c)&(d) 
Galvanostatic charge discharge curves at 1 A g-1 and 100 A g-1 and the corresponding 
IRdrop measurement. 

 

a b 

c d 
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Figure 13 Electrochemical tests in 6M KOH. (a) Capability of the material 
calculated from the galvanostatic charge/discharge curves (GCDs); (b,c,d) 
Simultaneous polarization of the working and the counter electrodes during GCDs 
at respectively 0.1, 10 and 100 A g-1. 
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EIS was measured to provide more insight into the charging kinetics of both 
electrodes before and after the electrodes were cycled to test the stability of the 
device. The Nyquist plot (Figure 14a) reveals the presence of a semicircle at high 
frequency (above 100Hz), representing the charge transfer resistance Rct of the faradaic 
processes occurring during charging and discharging. 

 

Between 100 Hz and 100 mHz, the resistive regime shifts into a capacitive 
regime where the increase in capacitance is limited by diffusion (restricted-diffusion 
regime), (see Figure 14b). When the frequency passes below 100 mHz, the material 
becomes fully capacitive and the ions are able to penetrate inside the micropores, 
creating a vertical line on the Nyquist plot. Here also, it is observed that the ionic 
diffusion within the mesopores of the materials is not drastically changed upon cycling 
and the maximum capacitance obtained by EIS is also comparable. By calculating the 
cyclability from the GCD curves (Figure 15a), a retention of 92% after 10,000 cycles is 
acceptable and could be increased by reducing slightly the voltage window or 
choosing a less corrosive electrolyte. 

Finally, the Ragone plot (Figure 15b) illustrates both the energy and power 
density of the material, providing an overview of the materials performances. Despite 
its relatively low micropore volume and large average pore size, CLP+KOH-800 already 
exhibits electrochemical gravimetric energy density comparable with commercially 

Figure 14 (a) Nyquist plot showing the capacitive and resistive regions and (b) Bode 
plot showing the real and imaginary capacitance of the material before and after 
10,000 cycles of galvanostatic charge/discharge. 
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available carbons (~5Wh kg-1) and good power density (~30 kW kg-1) which could be 
explained by the hierarchical porous structure and the abundance of mesopores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 (a) cyclability over 10,000 cycles at 10 A g-1 and (b) Ragone plot. 
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CHAPTER 4 

DISCUSSION 
4.1 Hydrothermal carbonization product characterization  
4.1.1 Solid phase  

As mentioned in chapter 3, the solid phase or WHHTC has rather low surface 
area which is inadequate for an adsorbent. Therefore, the WHHTC was further activated 
to improve its porosity and adsorption performance.  Moreover, this further activation 
was simply coupled with in situ magnetization to provide the adsorbent not only higher 
porosity but also magnetic properties. 

4.1.2 Liquid phase 
In spite of the high yield ( 20- 50 wt% ) , the extraction of crude liquid from 

lignocellulosic biomass has usually involved toxic organic solvents[48], [49], an alkaline 
catalyst[21], [22], [48]or rather high temperatures ( >250C) [48], [50].  Notably, in this 
current study, HTC was performed at a relatively low temperature (180 C) with only 
water as the medium.  This unusual choice can reduce energy consumption and the 
complexity of the system.  

Besides the terrific thermal stability of CLP, the thermogram could indicate the 
lignin consistence in the sample. The 32. 4 wt%  loss at 200- 700 °C, corresponding to 
decomposition of cross- links.  At Over 700 °C, a small 19. 3 wt%  weight loss from 
decomposition of lignin[51] is observed. Apart from the excellent thermal stability, this 
lignin content in CLP also enables solution-consisted procedures[52] making the further 
preparation of functional CPL- based materials more facile, low- cost and scalable in 
comparison to the use of solid precursors.  

As mentioned in XPS result section, the CLP contained favorable chemical 
functionalities especially, suitable carbon and oxygen content which giving it good 
potential for use in synthesis of functional carbon materials.  

4.2 The character and adsorption property of magnetic adsorbents 
4.2.1 Morphology and character study of the magnetic carbon adsorbents  

Considering the magnetic property of the materials, the magnetization of 4. 11 
emu/ g for MWHHTC( 1) - 800 is comparable to other porous carbon- based materials 
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reported earlier, such as 3. 679 emu g-1 for Fe3C/ Fe/ C magnetic hierarchical porous 
carbon[53] and 3. 83 emu/ g for magnetic chitosan/ poly ( vinyl alcohol)  hydrogel 
beads[54].  These magnetization values are sufficient to make MWHHTC(1) -800 easily 
separable from an aqueous suspension with an external magnet. 

Furthermore, the MWHHTC(1) -800 exhibited the outstanding specific surface 
area, pore volume and interesting pore texture by containing 87% of mesopore. This 
large fraction of mesopores not only improves adsorption rate but also enables 
adsorption of large molecules[55], such as the adsorbates in this study ( MB, MO and 
TC).   

From the XPS and BET result. It indicate that simultaneous magnetization and 
activation at 800 C not only improved the porosity but also changed the chemical 
nature of the carbon product.  Moreover, the absence of Fe signal in the wide scan 
might be caused by the embedding of iron particles deep in the carbon matrix, so they 
could not be detected by XPS. 

The formation of metallic iron starts with Fe( OH) 3 from the reaction between 
FeCl3 and KOH. At 400 °C, it was converted into Fe2O3 and subsequently transformed 
into magnetite ( Fe3O4) .  Above 700 °C, magnetite was reduced to zero- valent iron 
particles35.  During the magnetization process, KOH also played a role as an activating 
agent forming K2CO3 and K2O species, which could react with carbon in the materials 
above 700°C, increasing porosity[54].  In this study, the material was prepared by 
carbonization under N2 atmosphere at 800 °C to accomplish activation and also to 
obtain magnetic properties.  Our method combined magnetization and activation in a 
single step, without further post-formation of magnetic particles after activation.  

It is noticeable that the synthesis of magnetic carbon composite in this work 
involved no multi- steps, for example the formation of magnetic ion phase either 
before or after the incorporation of such magnetic iron species into the adsorbents. 
This could certainly reduce time-consumption and extra chemicals. 

Although few publications have reported on Fe leaching from iron- based 
magnetic composites[56], [57], the magnetic adsorbent (MWHHTC(1)-800) has an 
outstanding stability over wide range of pH (3.05-6.30). Despite some iron discharge in 
strongly acidic conditions, the material had outstanding resistance to leaching 
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compared with prior studies[14], [56], [57] that assessed pH 3. 0.  This might be a 
consequence of entrapping the iron particles by the carbon matrix, and matches the 
absence of iron signal in XPS, as well as entrapped iron particles seen in TEM images.  
It is worth mentioning that the stability of MWHHTC( 1) - 800 over a wide pH range 
facilitates its practical application as superior adsorbent.  

4.2.2 The adsorption study of magnetic carbon material MWHHTC(1)-800 on MB, 
MO and TC removal    

The adsorption properties in kinetic term is outperforming a number of carbon-
based adsorbents[58], [59].  Only 0.10 g of MWHHTC(1) -800 was added into 15 mL of 
500 mg/L MB followed by simple shaking. After shaking for only 1.5 minutes, the dark 
blue solution faded in color, indicating that most MB molecules were removed.  

After fitting with pseudo second order kinetic model, the high rate constant 
indicated the rapid adsorption rate. This fast adsorption of all adsorbates tested here 
can be explained by not only the high specific surface area of MWHHTC( 1) - 800  but 
also by the high mesoporosity, which enables rapid adsorption of large molecules like 
MB, MO and TC in our study[58].  

Furthermore, the maximum adsorption capacities by MWHHTC( 1) - 800 of MB, 
MO and TC are shown in Table 7. These are high (524.20, 425.15 and 294.24 mg/g for 
MB, MO and TC, respectively)  in comparison with the maximum adsorption capacities 
of biomass[14], [56], [60] and non- biomass[57], [58] based magnetic adsorbents.  The 
great adsorption capacities achieved can be related to XPS and N2 sorption-desorption 
results:  MWHHTC(1) -800 had high specific surface, high porosity, and large fraction of 
mesopores (2-5 nm) providing access for bulky molecules to the pores. As mentioned 
in XPS interpretation, MWHHTC(1)-800 contains 65.5% sp2 carbon and all the adsorbate 
molecules have at least 2 aromatic rings in their structure ( Figure 1) .  This match of 
adsorbent and adsorbate characteristics enabled − interactions, as a mechanism 
that boosted the adsorption capacity[59].  
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Table 7 The comparison of k2 (pseudo-second model) and qe (Langmuir model) on MB, MO and 
TC adsorption between this study and others from literature.  

Materials 
SBET 

(m2/g) 
Adsorbate 

k2 (g/ 
(mg min)) 

qmax 
(mg/g) 

Ref. 

Magnetic carbon from 
mangosteen peels 

831.5 

Methylene 
Blue 

- 46.296 [61] 

Magnetic carbon from corncob 153.89 
3.17x10-4 at 
281.25 mg/L 

163.93 [62] 

Magnetite silica gel 597.09 
2.81x103 at 

250 mg/L 
246.31 [63] 

Magnetic graphene sponge - 
1.5x10-4 at 175 

mg/L 
526 [64] 

Amino-functionalized magnetic 
bacterial cellulose/activated 

carbon 
- 

Methyl 
orange 

1.6x10-3 at 50 
mg/L 

98.33 [65] 

Carbon dots/ZnFe2O4 116.8 
2.7x10-2 at 20 

mg/L 
181.2 [66] 

Magnetic chitosan/poly (vinyl 
alcohol) hydrogel beads 

60.1 
2.86x10-2 at 30 

mg/L 
68.86 

 

[54] 

Chitosan-based magnetic 
composite particles 

8.48 

Tetracycline 

5.25x105 at 
100 mg/L 

67.1 [67] 

Magnetic carbon composites 
from bagasse 

43.29 
7.52x10-4 at 

80 mg/L 
48.35 [14] 

Magnetic carbon adsorbent from 
water hyacinth 

973.56 

 

Methylene 
blue 

9.14x10-5 at 
500 mg/L 

524.20 

This 
work 

Methyl 
orange 

2.73x10-4 at 
500 mg/L 

425.15 

Tetracycline 
2.82x10-4 at 
200 mg/L 

294.24 
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4.3 Carbon-based supercapacitor prepared from the crude liquid phase (CLP) 
4.3.1 Characterization   

Since CLP, derived from liquid HTC product from water hyacinth, is composed 
of phenolic- like compounds, it has high solubility in polar solvents, especially water. 
The miscibility with water guarantees that CLP can be easily mixed, homogeneously 
and thoroughly, with other added substances. In this case, only small amount of KOH 
was added into the system.  It is worth noting that the activation reported here 
employed much lower KOH amount ( 1:  0. 6 wt%  of dried liquid product:  KOH)  in 
comparison to conventional activation with solid biomass ( 1: 1 wt% )  and ensured 
homogeneous mixing of KOH during the activation, leading to large- scale production 
in an environmentally friendly ways.  

It is clear that the material (CLP+KOH-800) contains low amount of sp2 carbon 
confirmed by XRD pattern in Figure 8c. Despite this low degree of graphitization 
according to the XRD results, XPS results confirm a large content of sp2 character in  
aromatic form. The presence of such sp2 in  aromatic system could enhance electric 
conductivity which is desired in applications to supercapacitors.  

4.3.2 Electrochemical result interpretation 
Since the electrochemical result was clearly shown in chapter 3, this section 

expresses the further interpreted result from chapter 3. From the Figure 9a, the CVs 
performing at various scan rates (5 mV s-1, 10 mV s-1, 500 mV s-1 and 2 V s-1) show two 
distinct phenomena at low and high scan rate. The first one at low scan rate (5 and 10 
mV.s-1) corresponding to the oxidation process of the material which lead to material 
corrosion. This reaction probably related to the presence of reactive functional groups 
or unreacted oxygen radicals[68], [69]. This process is irreversible due to the absence 
of an observable reduction peak during the discharge cycle. The second current drop 
at low potential could be related to reversible faradaic reactions[70] which would 
either involve the ad/desorption of OH- ions on certain electro-active oxygen groups 
or hydrogen electro-sorption on the carbon framework[69]. However, more insight into 
the charging mechanisms would be needed to provide definitive answers. 

Then the good gravimetric and volumetric performance derived by CVs in Figure 
9b combined with a maximum capacitance of 100 F g-1 (or 50 F cm-3) at 5mV s-1, these 
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features place this material in the range of commercially available supercapacitive 
carbons in term of energy density.  

Since the semicircle at high frequency region in Nyquist plot (Figure 11a) 
indicated the Rct value from faradaic processes, this resistance could either be related 
to the electrode-current collector contact resistance or the pseudocapacitive 
phenomenon. The slight increase of Rct upon cycling indicates that the carbon 
oxidation does not hinder the electrical contact or the pseudo-capacitive mechanisms. 

Furthermore, the shift between resistive and capacitive regime indicate that the 
electrical double layer is not able to form freely from the electrode surface towards 
the bulk of the electrolyte since it is confined by the mesoporosity of the electrode 
(pores up to 50 nm). This phenomenon is observed in most supercapacitive porous 
carbons. The relaxation time characterizes the shifting frequency characteristic of the 
material. CLP+ KOH- 800 is typically in the range of microporous endohedral carbons, 
which usually exhibit slower relaxation times than porous carbons with exohedral 
porosity such as certain graphene- or CNT-based architectures, providing them with 
rapid kinetics ( relax below 100 ms). However, a slight increase of the relaxation time 
can be attributed to the oxidation of the pores surface, which might slow down ions 
movements through the porous structure.  

According to the Ragone plot in Figure 15b, the material (CLP+KOH-800) shows 
commensurate properties compared to the commercial carbon materials in both term 
of energy density and power density. Thanks to the free-standing electrode 
configuration, the volumetric performances are enhanced (~2 Wh L-1 and ~10 kW L-1) 
compared to electrodes manufactured by coated carbon paste on metal foils, while 
keeping the manufacturing process simple and low-toxicity. These are promising 
results, knowing that the performances of this material can easily be improved by 
modifying the microporous structure via an improvement of the synthesis process 
more adapted to this type of bio-resource. 
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CHAPTER 5 

CONCLUSION 
Magnetic carbon composite adsorbents and carbon-based supercapacitor 

electrode with excellent performance were successfully prepared from solid and liquid 
products, respectively in a sustainable way, from low-temperature HTC of water 
hyacinth. The as-prepared adsorbent shows superior adsorption efficiency towards 
representative toxic organic compounds in term of both kinetics and adsorption 
capacity at the equilibrium and also retained good magnetic properties even after use 
in adsorption. This is due to the presence of high specific surface area and large 
mesoporosity of the magnetic carbon composite. Furthermore, the good-performance 
supercapacitor electrode with extremely high surface area can facilely be prepared 
with the liquid product by employing relatively low amount of KOH. The liquid-derived 
carbon electrode had high specific capacitance and good capacitance retention, 
confirming good electrochemical performance. This work demonstrated a simple way 
to produce functional carbon materials and the use of both solid and liquid HTC 
products from embarrassing water hyacinth via a more environmentally friendly 
method. Developing such high value-added carbon-based materials with zero-waste 
production can facilitate solutions to environmental and energy issues. 
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