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Abstract 

This study investigated the removal of heavy metal ions from industrial wastewater by water 

hyacinth biochar. The choice of the materials was influenced by their large surface area, 

abundance of functional groups as well as their availability in the local environment. The 

development of environment-friendly natural adsorbents to treat heavy metal, contaminated 

wastewater stands as a foremost area of investigation, due to its environment-friendly nature. 

In the present experimental investigations “the adsorption of iron against an aqueous mixture 

utilizing chemically activated water hyacinth is studied batch-wise”. Adsorption capability in 

the elimination of iron metal ions has been examined by various influencing criteria such as 

pH, time of contact, initial ion concentration, and adsorbent dosages. This study is done to 

find a cost-efficient adsorbent as well as understand the process aimed at the removal of 

heavy metal in wastewater with the aid of the lignocellulose plant adsorbent. Activated 

biochar prepared from water hyacinth is made using a chemical activation technique. The 

adsorption of Fe (II) ions onto potassium hydroxide-activated carbon derived from water 

hyacinth root (KOH-AC-WHL) is described. KOH-AC-WHL was characterized using UV 

spectroscopy, XRD, SEM, BET, and FT-IR spectrometry. The adsorption kinetics showed a 

better fit with the pseudo-second-order kinetics model with a good linear correlation 

coefficient (R2) value of 0.998 compared to the (R2) value of 0.712 for a pseudo-first-order 

kinetics. The Langmuir and Freundlich models were used to fit the adsorption experimental 

data. A better correlation with the Langmuir model was observed with an (R2) value of 0.987 

compared to the (R2) value of 0.97 for the Freundlich model. Hence, the maximum adsorption 

capacity of the adsorbent for Fe (II) ions was calculated from the Langmuir isotherm and 

found to be 312.5 mg/g. The reusable efficiency of KOH-AC-WHBC was found to be 68% after 

four consecutive cycles. 

Keywords: Water hyacinth biochar, Adsorption, Cost-efficient, Efficiency, Heavy metal, iron 

removal
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Chapter One 

1. Introduction 

1.1. Background  

 Wastewater management is one of the most important social and environmental problems in 

emerging countries These issues are brought on by urbanization, rapid population growth, 

increased need for industrial development, and a lack of resources to handle the rising volume 

and declining quality of wastewater produced in the majority of these developing 

countries(Connor et al. 2017). 

Pollutants in wastewater are dangerous to both human and environmental health. Pathogenic 

bacteria, nutrients including phosphate and nitrogen, hydrocarbons, organic matter, endocrine 

disruptors, and heavy metals are examples of pollutants that pose a risk to human health and the 

environment(Olaolu et al., 2014). Wastewater containing these contaminants is produced by a 

variety of human activities, including mining, agriculture, residential waste, urban runoff, and 

effluents from wastewater that has not been properly treated using standard treatment units 

(Group, 2016).  

Because they are not biodegradable and have a propensity for bioaccumulation in living things, 

heavy metals are a serious concern(Arora, 2019). Limited levels of heavy metals including Fe, 

Co, Cu, Mn, and Zn are necessary for the physiological operation of living things. However, 

these metals turn harmful when they reach the maximum allowable limits (Olaolu et al., 2014). 

Additionally, some heavy metals, such as Hg, Cr, and Pb can be found in the environment in 

various speciation and are extremely harmful to species. Some heavy metals, such as Cr, exist in 

two states: the less harmful Cr (III) and the more poisonous Cr (VI), whereas Fe is found in both 

the ferrous (Fe (II)) and ferric (Fe (III)) states(Tchounwou et al., 2012). Therefore, proper and 

cost-effective methods to reduce their concentration or limit their presence and mobility in 

wastewater are highly needed. 

Heavy metals from industrial wastewater have been removed using a variety of procedures, 

including lime precipitation, ion exchange, adsorption onto activated carbon, membrane 

processes, and electrolytic approaches (Barakat, 2011). These techniques are, however, limited 

because they frequently come with substantial capital and operational costs in terms of power 
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consumption and required working hours. Additionally, typical wastewater treatment methods 

call for specialized knowledge and generate a lot of sludge (Rwiza et al., 2018). Recently, there 

has been more focus on safe and cost-effective alternative methods for the elimination of heavy 

metals from wastewater to complement the commercially available approaches. Apart from the 

various advantages of these technologies they have major drawback being energy intensive and 

not ecofriendly. Adsorption technique by using naturally available waste is considered as best 

alternate for removal of heavy metals. Hence, adsorption technique using a naturally modified 

adsorbent is more efficient, feasible and ecofriendly compared to other conventional processes 

and the possibility of reusing the spent adsorbent. 

Water hyacinth is a floating recurrent herbaceous plant native to South America Amazon river 

basin, found throughout the world and introduced to Ethiopia in 1965 (R. Zhou et al., 2020). It 

grows and reproduces quickly, causing navigation jams, interfering with irrigation, fishing, and 

power generation; blocking sunlight penetration; lowering water dissolved oxygen (DO) 

concentration; competitively excluding submerged plants; and reducing biological diversity (Y. 

Huang et al., 2014). Activated carbon production from water hyacinth is considered an 

appropriate technology to obtain efficient adsorbents at low cost, and also has a high surface area 

and enriched functional groups, with the goal of controlling the water hyacinth invasive weed 

and solving environmental pollution problems. 

In Ethiopia, there are mitigation efforts, research studies and stakeholder activities to control the 

spread of the WH. The efforts have not been effective due to different reasons and the 

management or control were also unsuccessful. Some of the reasons were low efficiency of 

mechanical removal work, shortage of scientifically acceptable dumping site, and limited 

cooperation by local community members. To enact community participation approach for 

controlling the WH, studies suggest some methodologies such as empowering opportunities and 

enticing the locals with potential economic gains (Honlah et al., 2019). Ethiopia has a 

conservation responsibility for the east African water ecology. Inevitably, the country’s fresh 

water bodies have seriously been affected by the invasive water plants such as WH, which need 

continued efforts. The nature of the climate of Sub-Saharan Africa and the prevailing weather 

conditions, particularly hot environments, in the Ethiopian rift valley lakes favor the proliferation 
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and quick expansions of the WH plant in the regions. Additionally, there is eutrophication due to 

flooding from the farmland that brings artificial fertilizer enter in to the lake water body. 

Various activated carbon from water hyacinth leaf was used for the adsorption of Fe(II), and a 

lower adsorption capacity was reported (Y. Huang et al., 2014). It may need other activation 

methods and chemicals to enhance the removal efficiency of Fe(II) ions. Hence, KOH-activated 

carbon from water hyacinth root is prepared, and the adsorption capacity of Fe(II) was studied by 

optimizing various parameters like pH, adsorbent dosage, contact time, and initial Fe(II) ions 

concentration using batch experiments. The obtained adsorption capacity (312.5 mg/g) is higher 

than ever reported using water hyacinth based materials for Fe(II) ions removal.  

The WH control and management needs an integrated approach involving community 

participation than just mechanical eradication. Assessing WH socioeconomic and environmental 

impact for the better management of water habitats is vital, particularly, at upper Awash River 

Basins of the rift valley lakes in Ethiopia. Therefore, water hyacinth-based biochars were used in 

this study to remove selected inorganic pollutants from industrial wastewater. Water hyacinth 

was chosen as precursor material because of the perspective of environmental, economic, and 

social perspective in Ethiopia, where the study was carried out. 

1.2. Statement of the Problem 

Wastewater management has become one of the significant social and environmental challenges 

in developing countries. Heavy metals are of significant concern because they are non-

biodegradable and have a tendency to bio-accumulate in living materials (Lakherwal, 2014). Iron 

is among these heavy metals which are released from the steel industry. Initially, concentrations 

above 0.3 mg/l level, in drinking water may not have adverse health effects. However, 

continuous consumption of such water with elevated levels of iron may result in a condition 

called iron overload. Excessive iron intake may lead to the impairment of hematopoiesis by 

destroying the progenitor cells as well as the microenvironment for hematopoiesis. If iron 

overload is left untreated, it may lead to hemochromatosis, which damages different organs of 

the body. Initial symptoms include weight loss, joint pain, and fatigue. Eye disorders such as 

retinitis, conjunctivitis and choroiditis, cancer, and heart diseases are also some of the common 

health issues faced due to high concentrations of iron in the water. 
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 Total iron removal technologies and percent removal including electro-coagulation (EC) 95–

99%, oxidation/filtration 80–90%, ion exchange 90%, adsorption–oxidation 84–92%, activated 

carbon filtration 75–90%, subsurface iron removal more than 50%, aerated granular filter 80–

90%, bioremediation 70%, supercritical fluid extraction 80% have been developed for removal of 

total iron from municipal and industrial effluents (Chaturvedi & Dave, 2012). Apart from the 

various advantages of these technologies, they have major drawbacks being energy intensive and 

not ecofriendly. Adsorption technique by using naturally available waste is considered the best 

alternative for the removal of heavy metals. Hence, the adsorption technique using a naturally 

modified adsorbent is more efficient, feasible, and eco-friendly compared to other conventional 

processes. 

Only a few studies have focused on the characteristics of bio-chars from Eichornia crassipes 

(water hyacinth) (Masto et al., 2013). The aggressive invasion of E. crassipes destroys many 

ecologically and economically important water bodies and productive wetlands by starving the 

water of oxygen and destroying native biodiversity (Téllez et al., 2008). As a result of its high 

reproductive rate and dispersion, E. crassipes has been identified by the International Union for 

Conservation of Nature as one of the 100 most cumbersome invasive species and one of the top 

10 worst weeds in the world (Patel, 2012). Currently, the main treatment method for E. crassipes 

is its physical removal from water bodies; however, this treatment has minimal effect (Téllez et 

al., 2008). Due to the property of excessive reproduction in unhealthy aquatic ecosystems, E. 

crassipes can serve as a potential ecological indicator for heavy metal contaminants either at 

low- or high-level contamination. 

1.3. Basic Research Questions 

1. Is it possible to activate by using potassium hydroxide on the surface of water hyacinth-

derived biochar to synthesize effective adsorbent for iron removal? 

2. What is the role of potassium hydroxide in the development of an adsorbent to remove iron 

from wastewater effluent? 

3. What would be the effect of synthesizing factors (i.e. calcination temperature and time) and 

optimum parameters (i.e. pH, adsorbent dose, initial concentration, and contact time) for iron 

removal? 

Based on the above research questions the choice of the systems is formed as follows; 
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Adsorption, water hyacinth-derived biochar are selected as a base and focal point due to: (1) 

adsorption technology is effective for removing iron from wastewater, even at low 

concentrations, among the chemical, physical, and biological methods, (2) water hyacinth-

derived biochar is among the most promising low-cost, environmentally friendly, readily 

available, and effective adsorbents and has recently received a lot of interest in practical 

application, and (3) water hyacinth as a renewable and sustainable source will provide 

inexpensive and environmentally friendly bioproducts.  

1.4. Objective  

1.4.1. General Objective  

 Synthesis of activated biochar synthesis from water hyacinth for the removal of iron from 

steel industry wastewater 

1.4.2. Specific Objective  

  Prepare, treatment, and characterize water hyacinth physiochemical property and bio-

char from water hyacinth  

 Investigating and evaluating batch adsorption experiment to study the effect of operating 

parameters(adsorbent dose, initial iron concentration, pH of the solution, and contact 

time) for iron removal efficiency of activated biochar from synthetic wastewater  

  Determine equilibrium and kinetic parameters of adsorption of iron by modified bio-char 

by applying some commonly used adsorption isotherms and kinetic models and study the 

adsorbent regeneration 

  Investigate the effect of other competitive ions on iron removal efficiency of activated 

bio-char in real steel industry wastewater in the optimum operational conditions 

1.5. Significance of the Research  

This study has the potential to benefit both the environment and human health. Environmental 

remediation such as heavy metals (iron) which are toxic to humans and the environment by using 

abundant biomass water hyacinth which is an invasive aquatic plant that grows rapidly in water 

bodies. So that we can turn this invasive species into a valuable resource (biochar) for mitigating 

heavy metal pollution means simultaneously addressing two environmental issues: invasive 

species control and pollution remediation. When water hyacinth is converted into biochar, it can 

become an effective and sustainable means of removing heavy metals from contaminated water. 
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This makes it a cost-effective and sustainable solution for communities and regions found in 

Ethiopia with heavy metal contamination.  

 1.6. Scope of the Study  

 This study focuses on synthesize of activated biochar using water hyacinth and also understand 

the characteristics of adsorbent to remove Fe(II) metal from aqueous solution and determine 

under what optimum condition it gives maximum removal efficiency concerning pH, a dosage of 

adsorbent, the effect of contact time and initial concentration in batch system and finally 

determine kinetics and isotherm using model equations available in the literature and reusability 

of the adsorbent were studied. Not only the effect of co-existing ion within iron ion but also the 

performance of the activated biochar for real water studied in this work. 
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  Chapter Two 

2. Literature Review 

2.1. General View of Heavy Metal  

Inorganic and organic substances that can dissolve in water, such as pesticides, pharmaceuticals, 

heavy metals, petroleum products, dyes, and other contaminants, have contributed to an increase 

in the problem of global water pollution (Hoang et al., 2021), and a lack of freshwater for human 

consumption(Le et al., 2021) has made it difficult to find effective water treatment methods. 

Heavy metals are the water contaminants that have the most harmful effects on the environment 

anywhere in the globe (Vardhan et al., 2019). According to Beni and Esmaeili (2020), heavy 

metals are mostly released into the environment by large-scale enterprises such as those that 

produce leather, metal, petroleum, batteries, textiles, fertilizers, nuclear power, and pesticides. 

Unfortunately, even at low concentrations, heavy metals cannot be biodegraded, leading to 

bioaccumulation inside living things(Hoang et al., 2022). Organ damage, stillbirth, cancer, skin 

conditions, migraines, mental retardation, growth retardation, and nervous system dysfunction 

have all increased in frequency as a result (J. Wang et al., 2021). The negative effects of toxic 

waste could be reduced by removing heavy metals from environmental water and wastewater 

(Hoang et al., 2021). 

Fig. 2.1 illustrates different investigations to remediate heavy metals as well as some methods in 

use with both pros and cons that include leaching (Y. Zhang et al., 2017), solvent extraction, 

reduction, ion exchange, oxidation, and bioremediation (Shah et al., 2017), adsorption, 

membrane filtration, and electrochemical treatment (Hoang & Pham, 2021). Among the above-

mentioned approaches, adsorption has extensively been used for treating heavy metal-aqueous 

systems due to its simple process, easy scalable, low expenses, versatility, and wide range for pH 

working (Moradi & Zare, 2013). 

A variety of adsorbent materials have been developed for a few decades (Rattanaphan et al., 

2020), and several of those compounds were efficient in eliminating target pollutants as well as 

successful in larger-scale applications. Because of the limitations in technology and 

heterogeneities of applications, practically only a small number of these novel materials could be 

scale-up (Zeng et al., 2019). With the use of bio-adsorbents derived from waste biomass, several 
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environmental issues and cost problems related to other kinds of treatments could be addressed 

(Chau et al., 2021). More noticeably, a porous solid during adsorption had a high proportion of 

surface area to volume/mass as well as a variety of surface functional groups were able to link to 

aqueous metals through chemisorption, physisorption, and several combinations. 

In actuality, one of the functions of metal types and functional groups, a specific region of the 

surface, and other adsorbent characteristics was the binding type; however, the drawbacks of 

these materials included challenges in manufacturing and demands for pricey chemicals and 

machinery. Due to this, biochar, which is produced alongside bio-oil and gases when biomass is 

roasted to a high temperature without the presence of oxygen, has lately been investigated as an 

adsorbent. As a result, biochar which is generated besides bio-oil and gases in pyrolysis where 

biomass is heated under high temperature without the presence of O2 has recently been studied as 

adsorbents. In particular, the temperature of pyrolysis is in the range of 300–900 °C with the 

solid residence times from seconds to minutes/hours and a liquid is produced in the process 

(Papari et al., 2015). Moreover, pyrolysis also uses a range of feedstock such as agricultural 

residues (Sahoo et al., 2021), woody biomass (Ding et al., 2019), and sewage sludge (Zaker et 

al., 2019).  

Indeed, biochar possesses special properties including low expense, high performance, and fewer 

effects on the environment (Yavari et al., 2017), so it has received more attention currently as an 

alternative to conventional carbon-based materials, namely graphene oxide, carbon nanotubes, 

and activated carbon (Lian et al., 2019). However, activation progression is normally required in 

producing activated carbon, which leads to the additional expense of production, while this 

process is unnecessary in generating biochar which is also far simpler (Lian et al., 2019). 

There has been limited research on "designed biochar" to manage contaminants, especially for 

"potentially toxic elements," even though biochar materials have been examined to scavenge 

pollutants in a water body (Premarathna et al., 2019). The majority of those studies emphasized 

the capacity of adsorption of biochar materials towards inorganic or organic pollutants, namely 

how biochar was applied in storm water (Mohanty et al., 2018), biochar-supported nZVI (S. 

Wang et al., 2019c), biochar modification potential (Rajapaksha et al., 2016), and biochar for 

purifying drinking-water (Beni & Esmaeili, 2020). The aforementioned publications primarily 
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concentrated on pristine biochar which was generated from single-source biomass as well as how 

it was used to improve soil fertility or remove contaminants.  

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

         Figure 2. 1: Various methods for heavy metal adsorption (M. Yadav & Yadav, 2015) 

Table 2.1 presents a comparison of the various methods available for removing heavy metal 

pollution from water. The table indicates that adsorption is widely used in the treatment of heavy 

metal ions owing to its advantages, such as simple operation, high removal rate, strong 

applicability, and low cost of reusable adsorbents (Z. Li et al., 2020), and currently the most 

promising method for controlling heavy metal pollution. The most important consideration in the 

adsorption technology is the selection of suitable adsorbents. A good adsorbent should have 

attributes, such as a large specific surface area, fast adsorption rate, and short equilibrium time 

(Cai et al., 2019). From this perspective, bio-char stands out from many new functional materials 
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used for environmental applications as a highly efficient adsorbent, owing to its low price, wide 

source of materials, and lack of ecological impact. 

Table 2. 1: The Methods Comparison for Removing Heavy Metal Pollutants from Polluted 

Water. 

Method Technical 

maturity 

Cost Pollution 

environment 

automaticity       Refs. 

Chemical 

Precipitation  

Mature High Higher high (M. Kumar et al., 

2021) 

Electrochemica

l 

Lower High Low higher (Martínez-Huitle 

& Panizza, 2018) 

Redox Low Low Lower low (Hu et al., 2020) 

Iron exchange Lower Higher Lower high (Da̧browski et al., 

2004) 

Adsorption  High Low Low lower (Burakov et al., 

2018) 

Membrane 

separation  

Higher Higher Low lower (Abdullah et al., 

2019) 

 

2.1.1 Iron Removal Strategies 

 Iron removal efficiency, merits, and demerits of each method have been depicted in Table 2.2 

Table 2. 2 :- Method for Iron Removal with Their Respective Merit, Demerits and 

Efficiency 

Method 

 

Merits Demerits Efficiency    

(%) 

Cost Ref. 

Conventional 

Strategies Oxidation- 

precipitation- 

filtration process 

• Simple 

operation 

• Oxidant used 

kills the 

harmful 

disease-

causing 

•Corrosion of 

parts of the 

system by the 

oxidant 

90–95 Low (Boyle  

et al.,  

1977)  
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bacteria 

present in 

water 

Zeolite softening/Ion 

exchange 

•Effective 

removal of 

organic iron 

Zeolite can be 

reused after 

regeneration 

•Clogging due 

to oxidation 

.• Labor-

intensive 

cleaning of the 

system after 

clogging 

65–85 Low (Bulai & 

 Cioanca,  

2005) 

Calcium carbonate-

based materials 

•No effect of 

temperature or 

flow rate on 

the efficiency 

of the process 

•High removal 

efficiency 

 

•Reduced 

efficiency in the 

presence of co-

cations and 

natural organic 

matter (NOM), 

lower pH, and 

large-sized 

materials 

94–99 Low (Shavandi 

 et al.,  

2012) 

Filter media 

separation 

• Fast rate 

•No need for 

chemicals  

• Back 

washing is a 

necessity  

• Effective for 

removing 

pathogenic 

microbes 

•Back washing 

is a necessity 

•Ineffective for 

removing 

inorganic iron 

90–98 Low (El- 

Naggar,  

2010) 

Removal through 

supercritical fluid 

• Increased 

removal 

efficiency at 

longer contact 

time between 

chelating agent 

and iron 

•Complex 

process 

79–85 High (Andersen 

 & Bruno,  

2003) 

Solid sorption 

separation/Adsorption 

• Low cost •Ineffective to 

remove 

pathogenic 

microbes 

77–90 Low (Tahir &  

Rauf,  

2004) 

Wetland treatment •No use of 

chemicals  

• Increased  

efficiency at 

higher loading 

rates 

• Low removal 

efficiency Low 

•Ineffective for 

removing high 

concentrations 

of iron 

40–80 Low (Johnson & 

Younger,  

2006) 
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• Effective for 

co-treatment of 

water from 

different 

sources 

 

Electrocoagulation 

and 

Electrocoagulation/ 

flotation 

 

 .Simple 

equipment  

 • Easy 

operation  

• High removal  

Efficiency 

 

• Ineffective at 

lower pH 

• Requirement 

of high current 

densities 

 

 

95–99 

 

 

Low 

 

(Ghosh 

 et al.,  

2008) 

Aeration • No need for 

chemicals 

• Good mixing 

•High residence 

time 

•In efficient 

oxidation of 

Fe2+ in the 

absence of an 

airlift reactor. 

40–90 Low (Štembal  

et al.,  

2005) 

Sequestration process •Easy 

operation 

•No production 

of residues 

•Low efficiency 

•Reduced 

efficiency with 

alkaline and 

hard water 

66 Low (Volpe  

et al.,  

2012) 

Biological Strategy •High 

specificity due 

to different 

bacterial 

strains 

•High 

efficiency 

•No need for 

chemicals 

•Only suitable 

for neutral pH 

condition 

• Requirement 

of long start-up 

time by 

microbes on the 

biofilter 

93–96 Low (Volpe  

et al.,  

2012) 

Membrane 

technology-based 

Strategy 

•Less retentive 

volume 

• Minimum 

labor 

requirement 

• Membrane 

fouling 

• Reduced 

efficiency after 

a few cycles of 

operation 

95–98 High (Choo  

et al.,  

2005) 

Nanotechnology-

based Strategy 

• Highly 

selective 

• High 

efficiency 

• Toxicity of 

nanoparticles 

• Difficulty in 

removal from 

water due to 

Nano-scale size 

99 High (Alimoh 

ammadi  

et al.,  

2017) 
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2.2 Water Hyacinth as a Biomass 

Eichhornia crassipes, also known as water hyacinth (WH), is one of the world's most problematic 

aquatic plants and a member of the Pontederiaceae family (Neris et al., 2019). Many 

photosynthetic species depend on sunlight penetration, which can be reduced by the formation of 

WH on the water's surface. Therefore, WH reduces the growth rate of photosynthetic organisms, 

upsetting the ecological balance. The removal of HM ions from aquatic ecosystems by particular 

aquatic plants is being investigated with increasing interest (vlyssides et al., 2001). WH has the 

potential to remove aquatic pollutants (Rezania et al., 2015), which reduces its negative 

environmental impact (Da Silva Correia et al., 2018). (Du et al., 2020) reported that WH not only 

accumulates a wide range of HMs (i.e., non-selective uptake), but it also enhances their uptake 

and translocation in the more polluted areas, demonstrating that it has a strong ability for HM 

removal from water. 

Due to its qualities, including its high rate of growth, effectiveness in absorbing pollutants, cheap 

operating costs, and renewability, WH is a good candidate for phytoremediation in the treatment 

of wastewater, including home and industrial effluents (Rezania et al., 2015). In addition, 

(Sanmuga Priya & Senthamil Selvan, 2017) reported that WH is suitable for use in wastewater 

treatment due to its high biomass production rate, high pollution tolerance, and heavy metal and 

nutrient absorption abilities. Since WH comprises a sizable amount of cellulose (35%) and 

hemicellulose (30%), it can be used as an option to treat water that has been contaminated with 

HMs. Adsorbents are developed for HM removal based on the metals’ interactions with the 

functional groups in the adsorbents. Thus, the presence of hydroxyl (OH), amino (NH2), and 

carboxyl (C=O) groups in the cellulose enables the adsorption of different HMs by cation 

exchange. 

WH biomass that has been dried and crushed has removed around 70% of the HMs from 

contaminated water in laboratory studies (Carreño-Sayago, 2021). The HM cations and the 

oxygen of the OH group in the vegetal cellulose of WH can share a pair of electrons. The 

chemical or physical modification of WH biomass is one method for maximizing HM 

elimination (Carreño-Sayago, 2021).   

 (Zhu et al. 1999)demonstrated the potential of WH biomass for the phytoremediation of As (V), 

Cd (II), Cr (VI), Cu (II), Ni (II), Fe (II), and Se (VI) under controlled conditions. The highest 
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accumulation was found for Cd and Cr, there were moderate levels of accumulation for Se and 

Cu, and the lowest level of accumulation was for As and Ni. They concluded that WH biomass 

had high bioconcentration factors for the studied elements when exposed to low concentrations 

of these elements. (Lu et al., 2004) concluded that WH biomass was a moderate accumulator of 

Cd and Zn and can be beneficial in treating water contaminated with low levels of HMs. Kabata-

Pendias and Mukherjee (2007) mentioned that WH has a strong ability to accumulate heavy 

metals.  

Mahamadi and Nharingo (2010) used WH biomass in a batch sorption experiment to study the 

biosorption of Cd2+, Pb2+, and Zn2+ ions in binary and ternary systems under acidic conditions 

(pH = 4.84) and a temperature of 30 °C. The mixed action of these metals was found to be 

incompatible following the order Pb2+,Cd2+ and Zn2+ while competitive biosorption behavior was 

recorded for the combinations Pb–Cd and Pb–Zn as described by the Langmuir competitive 

model. They concluded that Pb2+ ions could be efficiently eliminated from aqueous solution in 

the occurrence of Cd2+ and Zn2+ ions, but the elimination of the Cd2+ and Zn2+ ions would be 

repressed in the presence of Pb2+.  (Neris et al., 2019) conducted kinetic and isotherm 

investigations of Pb2+, Ni2+, and Zn2+ ions adsorption in single and tri-element aqueous systems 

using modified alkali-treated WH biomass because of its higher ion adsorption capacity than 

acid-treated WH biomass and WH biomass washed with water Analysis by FTIR confirmed that 

−OH and −COO− groups were the key functional groups in Zn2+ adsorption, while −COO− 

groups were key in Pb2+ and Ni2+ biosorption. The pseudo-second order was the best kinetic 

model that fit the single and tri-element experimental data for all investigated ions.  

The selectivity order of WH in single and tri-element systems was Pb2+ >> Zn2+ ≥ Ni2+. 

(Hemalatha et al., 2020) studied the remediation of Zn and Cr ions from electroplating industry 

wastewater by dried WH biomass (leaves, petiole, roots) through batch and column experiments. 

They considered influential parameters including biosorbent dosage, initial concentration of 

HMs, initial pH, and contact time. The WH root showed maximum Zn removal of 98.9%, and 

WH stem showed Cr removal of 96.4%. Thus, the results indicated that the dried WH biomass 

was a good and low-cost adsorbent.  

Therefore, WH is a promising and potentially ecofriendly method of HM remediation from 

aqueous solutions. However, this needs more study because most of the previous research 
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confirmed that surrounding conditions control the removal percentage, and this percentage 

differs among metals. 

2.3. Water Hyacinth Biochar  

WH biochar has been used in many applications, such as adsorbing HMs, as a soil amendment, 

and for bioenergy production (Allam et al., 2020). Converting WH tissues into biochar to 

remediate wastewater could be a win-win strategy for both removing pollutants and the effective 

management of a highly problematical invasive species (Yu et al., 2018). 

 WH biochar has a nonhomogeneous, coarse, and porous surface that has many different (in size, 

shape, and depth) pores (Allam et al., 2020). The microspores in the surface of WH biochar are 

produced during the pyrolysis process when substances are volatilized; the volatiles are trapped 

in the biomass and expand its microstructure. WH biochar has displayed potential for HM 

adsorption from different types of wastewater (C. Liu et al., 2020).  

The use of WH biochar for HM removal is the most recent and focused trend as a profitable 

pathway for the use of WH (Gaurav et al., 2020). The WH biochar generated at different 

pyrolysis temperatures had shown promise for high removal efficiency of HMs such as Cd with 

biochar created at 300, 500, and 700 °C (C. Liu et al., 2020) and Cu+2 and Zn+2 with biochars 

created at 300 and 600 °C (Nyamunda et al., 2019). A significant challenge with the use of 

biochar in aqueous solutions is its low density in powdered form(C. Liu et al., 2020). Some 

researchers overcame this problem using modifications such as alginate capsules (Nyamunda et 

al., 2019) or magnetic modification (C. Liu et al., 2020). This is a promising way to sustainably 

utilize this invasive plant (C. Liu et al., 2020). Use with algae is another option to increase the 

efficiency of WH biochar (Shen et al., 2018). 

 2.4. Biochar Production and its Properties 

2.4.1. Typical Methods for Biochar Production and Formation Mechanism 

Biomass, with its high carbon content, is a renewable energy source in the form of highly active 

bio-char upon thermos-chemically processing. Pyrolysis has attracted significant interest in the 

past few years as one of a small number of well-established thermochemical processes for 

treating biomass as well as bio-derived waste for the high yield of energy char along with oil and 

gas (Chau et al., 2021). Factors in the process had a significant impact on the pyrolysis products' 



16 
 

dispersion and efficiency, especially pyrolysis process factors such as residence duration, heating 

rate, and temperature all affected bio-char generation (Tripathi et al., 2016). Some of the bio-char 

production approaches are hydrothermal carbonization, gasification, pyrolysis, and others. An 

overview of different methods of producing bio-char and various conditions of operation 

2.4.1.1. Gasification  

The process of conventional carbon utilization was only able to transform a part of carbon, 

meanwhile, the whole carbon elements that were present in biomass feedstock could be directly 

converted into wanted outputs (e.g. syngas including CO and H2, bio-oil, and bio-char) through 

the thermochemical progression such as pyrolysis and gasification (Ben et al., 2019). 

Consequently, to transform recalcitrant carbon (namely lignin) into value-added outputs, an 

effective approach was thermochemical biomass conversion (Mao et al., 2019). 

Being a thermochemical conversion method, gasification aimed to create gaseous fuels from 

carbon types in biomass with the use of a catalyst or oxidant at high temperature, whereas under 

pretty lower temperature conditions, solid, liquid, and gaseous products could be produced in 

pyrolysis (Yaashikaa et al., 2020). It is clear that in the process of gasification, the temperature 

was an important factor as high temperature enhanced the production of CO and H2 while 

reducing CO2, and CH4 (Prabakar et al., 2018). In comparison with the bio-char in pyrolysis, bio-

char in gasification had a smaller surface area and contained fewer functional groups (e.g. 

carboxyl, carbonyl, and hydroxyl groups) (Peterson and Jackson, 2014). 

2.4.1.2 Pyrolysis 

The pyrolysis process with a temperature of more than 300 °C without O2 caused the organic 

components in biomass to thermally decompose (Mohan et al., 2006). The process also released 

the vapor phase and created residual solid-phase bio-char materials. When the vapor phase was 

cooled down, bio-based oil was generated, in which the blend of high-molecular-weight organic 

and polar composite experienced condensation (Chua et al., 2019). Meanwhile, low-molecular-

weight volatile compounds such as CH4, CO, H2, and C2H2 were still in the gas-phase state. 

Although the increase in the temperature of pyrolysis led to the rise of specific surface area, 

pHpzc, porosity, and pH of bio-char, it made the number of acid functional groups such as 

phenolic -OH and -COOH decline dramatically, resulting in the reduction in the adsorption 

ability of heavy metals in complexation (N. Ahmed et al., 2017). More noticeably, the extremely 
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high temperature of the pyrolysis process (over 900 °C) could lead to ash softening and melting, 

pore-clogging, and the number of pores reducing because of the merging of adjacent pores and 

pore extension (H. Li et al., 2020). 

2.4.1.3 Hydrothermal  

The hydrothermal process is considered another method for bio-char production from biomass, in 

which wet biomass is thermo-chemically converted into hydrochar. Water's characteristics 

changed dramatically at higher pressures and temperatures, and it acted as an organic solvent that 

facilitated reactions normally catalyzed by bases and acids as well as enhanced biomass 

degradation (Maniscalco et al., 2020). The fundamental merit of the hydrothermal process was 

the capability of transforming wet biomass into high-yielding carbonaceous solids with no need 

for an energy-intensive drying approach. Additionally, other benefits could be customizable 

surface functionalities, surface capabilities, high calorific value, conductive behavior, the 

presence of a natural binder, and other things (Sharma et al., 2019). Despite the unknown specific 

process of the hydrothermal treatment, all dehydration, condensation, hydrolysis, aromatization, 

and decarboxylation were expected. Biomass the hydrolysis process was decomposed into lignin 

and saccharides, besides, water was removed from biomass during the dehydration step by 

removing the hydroxyl group (Bhatia et al., 2020). Meanwhile, aromatization was caused by the 

removal of CO2 during the decarboxylation. 

In comparison with bio-chars produced during thermochemical technique with high 

temperatures, bio-chars attained in hydrothermal liquefaction could maintain crucial functional 

groups in the process of carbonization, thus allowing these groups to become more viable for 

various applications (V. Kumar & Dwivedi, 2021). However, some drawbacks of hydrothermal 

bio-char including thermal recalcitrance, limited surface area, declined porosity and less aromatic 

structures could be obstacles for further investigations (Rezania et al., 2020). 

2.4.1.4 Torrefaction  

Another emerging method to generate bio-char was torrefaction using a low heating rate, it was 

also known as mild pyrolysis (L. Liu et al., 2021). With the use of different breakdown 

processes, the oxygen, carbon dioxide, and moisture in the biomass could be eliminated by inert 

ambient air without oxygen under the temperature of 300 °C (Z. Chen et al., 2021). 
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2.5. Factors Affecting Biochar Production 

The bio-char yield, as well as its physical-chemical features (e.g. carbon concentration, surface 

area, functional group, and pore size), were primarily determined by the conditions of pyrolysis 

and kinds of feedstock which were utilized in its manufacture(Martins et al., 2021). Furthermore, 

because of the volatiles released during the pyrolysis, these factors had a considerable effect on 

the structure of the final char. Indeed, the conditions of pyrolysis such as heat transfer rate 

residence time, and temperature strongly affected the bio-char characteristics and yields (Pandey 

et al., 2020). 

The temperature of pyrolysis was considered a critical thermodynamic factor determining bio-

char properties. In other words, this temperature parameter greatly influences the structure and 

characteristics of bio-char (Usman et al., 2019). Besides, pH, surface area, and ash concentration 

of bio-char made from biomass increased as temperature rose (Ho et al., 2012), while bio-char 

output declined (Yorgun and Yıldız, 2015). At low temperatures of pyrolysis, bio-chars created 

had cellulose and aliphatic-type structures, giving the substance a more diverse organic property. 

In a recent study (Shakya and Agarwal, 2019), they indicated that the increase in pyrolysis 

temperature resulted in increasing pore volume, pore diameter, and surface area.  

The formation of multilayered carbon structures like honeycombs has demonstrated the 

dominance of aromatic content in bio-chars in the case of increased pyrolysis temperature. 

Unambiguously, progressive volatilization of organic matter during the pyrolysis process of 

biomass was thought to form deep channels with clear pores that appeared more prominently 

with an increase in pyrolysis temperature (Waqas et al., 2018). However, 550 °C was seen as the 

optimal pyrolysis temperature with the largest pore volume, pore diameter, and surface area. 

Indeed, the over-high pyrolysis temperature could release organic volatiles and displace the 

organic structure, resulting in the demolition of the porous structure. As increasing pyrolysis 

temperature to 650 °C. The destruction of bio-char structures with over-high pyrolysis 

temperature was indicated in previous publications (Tan et al., 2015).  

The impacts of residence time are often connected with the temperature and heating rate of 

pyrolysis; according to (Zhang et al. 2015a), the yield of bio-char decreased when residence time 

increased with the temperature unchanged. When it comes to slow pyrolysis, the char yield could 

take advantage of longer residence time which improved the depolymerization of char 
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compounds (Park et al., 2008). Moreover, with a rise in residence time at a certain pyrolysis 

temperature, while the volatile matter concentration of biochar dropped, there was an increase in 

the fixed carbon content (Sun et al., 2017). 

Additionally, another parameter that affected the biochar properties was the feedstock 

composition. Indeed, biomass rich in lignin could produce macroporous biochar with a pore size 

over 50 nm while the one rich in cellulose could primarily develop microporous bio-char that had 

a pore size of less than 2nm (Li et al., 2017). More importantly, micropores mainly took 

responsibility for the superior capacity of absorption as well as the high surface area (N. Ahmed 

et al., 2017).  

The size of biomass particles was another crucial factor that affected the pyrolysis product 

distribution, the rates of mass transfer and heat as well as the secondary reaction degree in 

particles. The feedstock and pyrolysis process type in use determined the raw material's particle 

size. Particles with bigger diameters (over 1.8 mm) were discovered to get higher temperature 

gradients, which resulted in lower temperatures in the core compared to those on the particles' 

surfaces. As a result, the yields of char and liquid increased and yields of gas products and bio-

based oil decreased at the same time (Aysu & Küçük, 2014). 

2.6. Engineered and Modified Biochar 

Although the research on bio-char employed to eliminate heavy metals was intensively studied, it 

could be observed the poor adsorption ability of conventional pristine bio-char. Whereas, it was 

hard to desorb heavy metals that were adsorbed by bio-char when the desorption process or post-

treatment was not added after the adsorption behaviors of bio-char. This caused the bio-char with 

the absorption of heavy metals to become toxic wastes with no suitable treatment (Gong et al., 

2021). In addition, the chemical compositions and physical structures of bio-char could be 

affected by environmental conditions such as substrate acidity, moisture, and temperature. 

Importantly, bio-char must be modified to improve its pore fraction and the specific surface area 

or to produce reactive functional groups before it can be employed as immobilization support. 

Chemical activation, physical activation as well as other activation approaches were considered 

the most common bio-char engineering approaches. 
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2.6.1. Physical Methods 

Physical modification could improve bio-char attributes like volume, surface area, and pore 

structure. Furthermore, physical activation which involved the employment of physical agents 

(e.g. nitrogen, carbon dioxide, and steam) was able to rise chemical characteristics including 

hydrophobicity at the surface, functional groups, and polarity. Interestingly, in this inexpensive 

and simple technique of modification, chemicals were unnecessary (Leng et al., 2019). 

 2.6.2. Chemical Methods 

The most often utilized method for activation was chemical activation (so-called wet oxidation). 

Chemical modification primarily involved metal salts modification, acid modification, oxidizing 

agent modification as well as alkaline modification. To obtain target features for engineering bio-

char, acids (e.g·H2O2, H2SO4, H3PO4, HNO3, and HCl), alkali (NaOH and KOH) along oxidizing 

reagents were employed in chemical engineering methods (Kołtowski et al., 2017). The 

employment of chemical agents like inorganic salts, bases, and acids to activate bio-char both 

changed the important physicochemical characteristics and created surface functional groups to 

boost the sorption capacity (Feng & Zhu, 2018).  

Indeed, treatment with the use of oxidizing agents and acids helped increase the hydrophilicity of 

oxygen and functional groups that contain oxygen, whereas surface area along with porosity was 

reported to have varying effects (X. Yang et al., 2019). The reason why chemical alteration was 

more extensively used than a physical modification is that chemical modification possessed a few 

outstanding features as follows: (i) - Necessitated a short disposal time along with a low 

temperature for activation; (ii) - Activated biochar had a greater surface area; (iii) - Produced 

more activated bio-char; (iv) - Well-developed and evenly dispersed structure of microporous 

(Panwar & Pawar, 2022). 

2.6.3. Other Methods 

Bio-char composites aim to increase the sorption capacities of the metal ion. The goal of bio-char 

composites was to create novel functional groups on the surface of biochar, resulting in increased 

efficiency of metal ion absorption (Sizmur et al., 2017). Functional groups were commonly made 

by dipping raw biomass or bio-char generated in solutions of metal oxides or salts (such as 

chloride or nitrate) (He et al., 2018), and this involved numerous other pre- and post-processing 

stages. Possessing features like high surface areas and porous structures, biochar was ideal for 
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the deposition of metal particles which could generate a surface with a positive charge and, as a 

result, there would be a promotion in metal ion chemical sorption abilities (Wu et al., 2017). 

In-situ activation or heterotopic doping could also enhance the bio-char quality. Biomass co-

pyrolysis using dopants, activators, and other types of biomass resulted in the in-situ activation of 

bio-char. There also was an investigation on biomass co-pyrolysis with the presence of some 

activators or dopants like FeCl3, KOH, MgCl2, KMnO4, ZnCl2, urea, and Ca (OH) 2. 

2.7. Factors Affecting Removal of Heavy Metals from Water Using Bio-Char 

The adsorption of heavy metals by bio-char is not only related to the pore structure, surface 

cation exchange capacity, and number and type of functional groups in bio-char, but is also 

influenced by the dosage of bio-char, pH of water, water temperature, presence of other cations 

in water, initial concentration and type of heavy metals, and the bio-char aging process 

2.7.1. Effect of Biochar Properties on Adsorption of Heavy Metals  

Owing to the differences in the raw materials, pyrolysis temperatures used during bio-char 

preparation, as well as the modification processes, bio-char exhibits diversity in structure, pore 

distribution, elemental composition, pH, specific surface area, cation exchange capacity, surface 

functional groups, and other physical and chemical properties (Itoh et al., 2014).  

The pore structure of bio-char, which determines the specific surface area, affects its adsorption 

capacity towards heavy metals. In general, the larger the specific surface area of biochar, the 

stronger its adsorption capacity. The high specific surface area and porosity of bio-char can 

provide more adsorption sites, and surface electricity affects the electrostatic interaction between 

bio-char and pollutants. Functional groups and mineral components are important structures for 

bio-char to combine with pollutants. Specific surface area and porosity are the main physical 

properties that affect the ability of bio-char to adsorb heavy metals.  

2.7.2. Effect of Amount of Biochar Addition 

The amount of biochar added is also a factor that causes differences in bio-char adsorption and is 

particularly significant in water polluted with mixed heavy metals. The amount of biochar added 

is generally positively correlated with the number of heavy metals adsorbed. However, when the 

amount of bio-char added reaches a certain value, the adsorption capacity reaches a stable level. 
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There exists a positive correlation between the amount of biochar added and heavy metal 

adsorption. However, when the amount of bio-char reaches a certain value, the adsorption 

capacity becomes stable. Therefore, the maximum removal rate can be obtained using the 

optimal dosage. A dosage of bio-char that is too high leads to reduced adsorption capacity. This 

may be due to the formation of tiny, agglomerated particles at high biochar concentrations, 

resulting in a decrease in the effective adsorption surface area (Dong et al., 2011). 

2.7.3. Effect of Water Properties on Adsorption of Heavy Metals by Biochar 

2.7.3.1. Water Temperature 

Most of the studies have shown that the adsorption of heavy metal ions by biochar is an 

endothermic process. In other words, the adsorption of heavy metals by biochar is accompanied 

by the consumption of energy. An increase in temperature is beneficial for mutual adsorption (Y. 

Li et al., 2010). With the increase in temperature, the ion transfer rate is accelerated, which can 

not only accelerate the adsorption rate of biochar but also increase the adsorption capacity. Thus, 

ambient temperature also plays an important role in the adsorption behavior. 

A higher temperature can provide more energy for the heavy metal ions to break through the 

diffusion layer on the biochar surface and enter the interior, which would increase the adsorption 

capacity. Temperature affects the adsorption rate by changing the intermolecular interaction and 

solubility. However, in the actual situation, the adsorption mostly occurs at room temperature, so 

additional heating or cooling of the solution should be avoided (Peng et al., 2017). 

2.7.3.2 Effect of pH 

Solution acidity or alkalinity is dependent on the concentration of H+ in the polluted water, which 

relies on the type of water. The pH can affect the morphology of heavy metal ions as well as the 

surface charge distribution on bio-char, thereby affecting the adsorption rate and extent of heavy 

metal ions (Wan et al., 2020). At low pH values, the surface groups on the bio-char combine with 

H+, which reduces the negative charge, leading to reduced adsorption capacity for heavy metal 

cations. When the pH of the aqueous solution increases, the functional groups on the surface lose 

protons, thus leading to an increase in the negative charge and an increase in the adsorption 

capacity for heavy metal cations. In addition, alkaline precipitates of heavy metal cations are 

produced in alkaline solutions. Each heavy metal ion has a suitable pH range. pH values that are 

too low or too high are not conducive to the adsorption of heavy metal ions (Q. Chen, 2010). 
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2.7.3.3 Presence of Other Ions 

In wastewater or natural water environments, in addition to heavy metal ions, a large number of 

other ions coexist in the water, and the concentrations of these ions also affect the adsorption of 

heavy metal ions. The presence of Na+, K+, Ca2+, Mg2+, Cl−, NO3-, and SO4 2- ions in the solution 

can reduce the adsorption capacity of bio-char for heavy metal ions. With the increase in the 

ionic concentration, the number of heavy metals adsorbed by bio-char decreases. This is 

attributed to the presence of intrinsic ions in the solution, which not only hinders the release of 

ions from bio-char to water but also competes with heavy metal cations for adsorption on the bio-

char surface. The intrinsic ions occupy the adsorption sites on the surface, affecting the removal 

efficiency of heavy metal ions (Mohan & Pittman, 2007). 

2.7.3.4 Effect of Heavy Metal Ion Initial Concentration 

Adsorption of heavy metals on bio-char is also dependent on the initial concentrations of the 

heavy metal ions. The higher the initial concentration of the heavy metal ions, the stronger the 

adsorption of heavy metal ions on bio-char. The key reason for this effect is that when the 

concentration of heavy metal ions is low, they only adsorb on the bio-char surface. When the 

heavy metal ion concentration increases, the internal structure of the heavy metal ions and bio-

char starts playing a role, and the adsorption capacity increases (Mohan & Pittman, 2007). 

2.7.3.5. Interactions between Heavy Metals in Polluted Water 

Most of the polluted water samples contain multiple heavy metals, which experience both 

synergistic and competitive interactions among themselves. Different heavy metal ions 

coexisting in the solution compete with each other for adsorption sites. Compared with a single 

system, when a system contains two or more cations (or anions), the adsorption capacity or 

removal efficiency of the adsorbent is relatively reduced (Park et al., 2016). In binary systems or 

multi-component systems, the adsorption sites of carbon-based adsorbents have different 

affinities for heavy metal ions. The existence and difference of competitive adsorption behavior 

are determined by the charge and hydration radius of cations (Gan et al., 2015). 

2.7.3.6 Effect of Ageing (Contact Time) Process on Adsorption of Heavy Metals by Bio-char 

When bio-char is added to polluted water, the physical and chemical properties change over time, 

which is referred to as the aging process. Available results show that there is an increase in the 

number of oxygen-containing functional groups (such as hydroxyl and phenolic hydroxyl groups) 
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on the surface of bio-char after aging for a certain period, which can promote the adsorption of 

heavy metals (A. Kumar et al., 2018). On the other hand, a decrease in the specific surface area 

and pH leads to a decrease in the adsorption of heavy metals (H. Wang et al., 2017). 

2.8. Adsorption Mechanism of Heavy Metals by Bio-Char 

The adsorption activity of bio-char towards heavy metals is mainly dependent on its specific 

surface area, the number of surface-active functional groups, and cation exchange capacity 

(Gupta et al., 2020). Because many factors affect the adsorption of heavy metals by bio-char and 

the mechanism of action is complex, the dominant adsorption mechanism can vary even for a 

given heavy metal. Therefore, exploring the mechanism of heavy metal adsorption on bio-char 

can provide a theoretical understanding. According to existing research results, key adsorption 

mechanisms include physical adsorption, ion exchange, electrostatic adsorption, precipitation, 

complexation, and reduction. However, the adsorption of heavy metals by bio-char is not 

attributable to a single mechanism but rather involves a combination of multiple mechanisms (A. 

Zhang et al., 2020). 

2.8.1. Physical Adsorption 

Physical adsorption is caused by the van der Waals forces between molecules on the surface of 

bio-char and heavy metal ions. The heavy metal ions are either adsorbed on the surface or 

diffused into the pores of bio-char. Because physical adsorption is mainly caused by 

intermolecular forces, the adsorption affinity tends to be weak. Therefore, the adsorption process 

may be reversible. The main factors affecting the adsorption performance of bio-char are specific 

surface area and pore structure of the adsorption material, and biomass pyrolysis at high 

temperatures results in the formation of bio-char containing a large specific surface area and 

voids. This significantly increases the contact area between bio-char and heavy metal ions, 

improving the physical adsorption capability in water, fixation, and passivation of heavy metals 

in solution.  

2.8.2. Ion Exchange and Surface Complexation 

Ion exchange essentially involves the physical exchange of ions between the negatively charged 

surface groups on bio-char and positively charged heavy metal ions in solution and is caused by 

the Coulombic force between the surface groups and ions in solution. This is a nonspecific 

adsorption mechanism with low adsorption capacity 
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The oxygen-containing functional groups, such as hydroxyl, carbonyl, and carboxyl groups, on 

the surface of bio-char, can be used as adsorption sites for heavy metal ions. The solitary electron 

pairs on the oxygen atoms in these oxygen-containing functional groups form coordination bonds 

with the outer orbitals of heavy metal ions, forming stable complexes to immobilize the heavy 

metal ions (F. Huang et al., 2018). 

2.8.3. Electrostatic Interactions and Redox Effect 

Electrostatic interactions between the surface charges on bio-char and those on heavy metals are 

another mechanism involved in the remediation of heavy metals. The abundance of negative 

charges on the surface of bio-char enables the adsorption of positively charged heavy metal ions 

by electrostatic attraction (Uchimiya et al., 2012).Through electrostatic attraction, positively or 

negatively charged heavy metals can be fixed, as a result of which bio-char achieves an improved 

repair effect. Redox affects the chemical behavior, migration ability, and biological effectiveness 

of elements by changing their existing forms, mainly occurring in heavy metals with variable 

valence. The redox effect had a significant impact on the morphological distribution of heavy 

metals (Yuan et al., 2017). 

2.9. Adsorption kinetics 

The adsorption kinetic is one the most important issues for understanding both the mechanisms 

of adsorption and the assessment of influential factors on the reaction rate. Kinetics describes 

solute uptake rates and also defines the residence time of the adsorbate at the solid-liquid 

interface (Ahmadi et al., 2017). 

2.10. Adsorption Equilibrium Isotherms  

The adsorption equilibrium has always been explained by the isotherm equations such that their 

parameters indicate the surface characteristics and affinity of the adsorbent toward the adsorbate 

(Ahmadi et al., 2017) 
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Chapter Three 

3. Methodology  

3.1 Materials and Equipment 

For the synthesis and characterization of WHBC and Activated-WHBC, and to analyze their 

physiochemical properties, different materials/equipment namely, analytical balance, water bath, 

pH meter, spatula, hot plate, sieve, measuring cylinder, beaker, grinder, temperature-controlled 

reactor/oven, magnetic stirrer, furnace, flask, vacuum pump, and mixer were used. Instruments 

such as Fourier transform infrared spectroscopy (FTIR), (scanning electron microscopy (SEM), 

surface area and pore size analyzer (BET), powder X-ray diffraction (XRD), and ultraviolet–

visible (UV–visible) spectrophotometer were also used for analysis purposes. 

3.1.1. Chemicals 

Water hyacinth (raw material) was collected from the Oromia region in Lake Koka.  All 

laboratory analyses and chemicals used in this experiment were prepared and carried out at the 

Adama Science and Technology University (ASTU), Adama, Ethiopia.  

All chemicals used, including potassium hydroxide (KOH) for activation of biochar, 

hydrochloric acid (HCl)(35% purity), sodium hydroxide (NaOH)(99.8% purity), nitric acid 

(HNO3)(69% purity), sulphuric acid (H2SO4)(98%purity), acetone(CH3COCH3)(99.5% purity), 

phenanthroline, hydroxyl amine (99% purity), ammonium acetate (99.54% purity) , and glacial 

acetic acid (99.5% purity) were of analytical grade. Distilled water and ammonium ferric sulfate 

((NH4)2Fe(SO4)) were used to prepare a stock solution of 200 mg/L of Fe (II). Various 

concentration solutions were prepared by appropriately diluting the stock solution. The initial pH 

level of solutions was adjusted using HCI and NaOH.  

3.2. Collection of water hyacinth samples 

In this study, the biomasses of water hyacinth were collected on Wednesday, November 29, 

2024, at 4:10:46 AM from Lake Koka, Dungugi Bekele Kebele, Lume district, in East Showa 

administrative zone, Oromia regional state, Ethiopia as shown in the figure 3.1.  
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Figure 3. 1 : Water Hyacinth Infestation of Lake Koka in Dhungugi kebele 

3.3 Sample preparation 

The water hyacinth raw materials were manually collected and washed to avoid foreign matters 

such as stone, soil, and mud and then chopped to the appropriate size to fit the carbonizing kiln. 

The sample was cut separately into stem, root, and leaves with stainless steel, and these were 

dried on sheet paper to reduce extra moisture. For this study root part of the water hyacinth is 

taken for further experiment due to iron was highly accumulated in the root of the plant in 

comparison to the other parts of the water hyacinth plant (Belete et al., 2022). The samples of 

water hyacinth were dried in an oven (PRECISION, Model 6525) at 105 oC for 24 hours to a 

constant weight and size (1-2mm)  and were stored or collected in a desiccator until needed. 
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3.3.1 Water hyacinth sample analysis 

The dry biomass samples were characterized for proximate analysis, component analysis, and 

ultimate analysis, the most important characterization in biomass thermochemical conversion 

(Engineering et al., 2019). As follows: 

3.3.1.1 Proximate analysis 

A biomass sample's volatile matter, moisture, ash, and fixed carbon content are all estimated via 

proximate analysis. Each of these numbers is estimated using a method based on ASTM 

guidelines and literature (Márquez-Montesino et al., 2015). As follows: 

3.3.1.2 Determination of moisture content 

By precisely weighing 5 grams of powdered root water hyacinth using an electronic balance in a 

labeled, pre-weighed crucible, and then placing it in an oven to dry at 105 oC for three hours, the 

moisture content was calculated in triplicate. After drying, the crucible and dry sample were put 

in a desiccator to chill for 30 minutes before being weighed once more. Repeat the heating, cool, 

and weighing until a constant weight is achieved. The difference between the two subsequent 

weightings for the 5 g powdered water hyacinth sample was less than 2 mg. The moisture content 

was estimated as a percentage of weight loss (Akendo et al., 2008). 

                                   % Moisture = 
(𝑊1−𝑊2)∗100

𝑊1
                                             (eq.1) 

Where W1=weigh before drying 

            W2 = weight after drying 

3.3.1.3 Determination of volatile matter 

By measuring 2 g of each sample in a crucible, covering it with a lid, and putting it in a muffle 

furnace at 800 °C for 8 minutes, the volatile matter of the root was measured in triplicate. The 

samples were then weighed after cooling in a desiccator. The volatile matter content was 

determined by dividing the percentage of weight loss by (Engineering et al., 2019): 

                                   %VM = 
(𝑊1−𝑊2)∗100

𝑊1
                                                         (eq.2) 

Where VM = volatile matter 

              W1= weight of sample before drying 
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              W2=weight of sample after drying  

Three replicates were obtained and the results averaged 

3.3.1.4 Determination of ash content  

Weighing 2 g of the sample into a crucible, it was then heated at 600 oC for three hours in a 

muffle furnace to estimate the ash content in triplicate. Then the crucibles were taken out from 

the furnace and put into the desiccator to cool. The weight was measured after cooling to 

calculate the amount of ash (Engineering et al., 2019). 

                                         % of ash = 
(𝑊2)∗100

𝑤1
                                               (eq.3) 

Where W1 = weight of the sample before drying  

            W2= weight of sample after drying  

Three replicate analyses were done and the results averaged 

3.3.1.5. Determination of fixed carbon 

According to the equation below, the percentage of fixed carbon was calculated by deducting the 

total of the percentages of volatile matter (PVM) and ash content (PAC) from 100:(Fallavena et 

al., 2014). 

                                Fixed Carbon = 100% − (PVM + PVC)                             (eq.4) 

 

3.3.2. Component analysis 

The following techniques were used to determine the concentrations of extractives, 

hemicellulose, cellulose, and lignin in water hyacinth samples (Márquez-Montesino et al., 2015). 

3.3.2.1 Determination of extractives in the biomass (water hyacinth) 

To quantify the amount of extractives in the biomass, solvent extraction was performed. 1 g of 

the dry biomass sample was mixed with 60 mL of acetone, and the temperature was maintained 

at 90 oC for two hours. The sample was then dried in an oven (105–110 oC) until it reached a 

consistent weight. The amount of the extractives is shown by the weight difference before and 

after the extraction (Engineering et al., 2019). Three replicates were obtained and the results were 

averaged. 
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3.2.2.2 Determination of hemicellulose in the biomass (water hyacinth) 

1 g of dried biomass devoid of extractives was mixed with 150 mL of sodium hydroxide (NaOH) 

solution at a concentration of 0.5 mol/L for 3.5 hours at 80 oC to measure the amount of 

hemicellulose. The sample was next rinsed with deionized (DI) water until no more Na+ was 

found, which is shown by the solution's pH value nearing 7, and then it was dried to a consistent 

weight. The amount of hemicellulose is what causes the sample weight to fluctuate between 

before and after this treatment. The outcomes of three duplicate analyses were averaged 

(Engineering et al., 2019). 

3.2.2.3 Determination of lignin in the biomass (water hyacinth) 

Lignin was determined based on its insolubility in 98 % H2SO4. For each gram of the sample 

(extractive-free dried biomass), 30 mL of 98% sulfuric acid was added to calculate the amount of 

lignin. The sample was kept at 25 oC for 24 hours before being cooked at 100 oC for one hour. 

The mixture was filtered, the residue was washed until there was no longer any sulfate ion 

present in the filtrate, and it was then dried to a consistent weight. The lignin content is 

calculated based on the weight of the residue. The results were averaged over three replicate 

analyses (Engineering et al., 2019). 

3.2.2.4 Determination of cellulose in the biomass (water hyacinth) 

By assuming that extractives, hemicellulose, lignin, ash, and cellulose are the only components 

of the total biomass, the cellulose content (%w/w) was estimated by difference(Lin et al., 2010). 

3.4  Biochar Preparation  

A crucible cup in a muffle furnace was used for the production of the water hyacinth biochar. 

During the production process, the crucible cup with a lid was wrapped with tin foil. The 

grounded sample water hyacinth was tightly placed in a porcelain capsule and then Briefly, 

around 5g for each raw water hyacinth was compacted in a 250 mL ceramic pot enveloped with 

aluminum foil to create artificial environment to reduce direct exposure with air and calcinated in 

a muffle furnace model SX-2.5-12 under oxygen-limited conditions at various temperatures (i.e., 

300, 400, 500, 600 °C, and  700 °C) for (1 and 2hr)  (H. M. Yang et al., 2017).Water hyacinth-

derived biochar (WHBC) was left to cool down at room temperature and conserved in a 

desiccator. Finally, the samples were stored in a sealed plastic container. The WHC samples 

obtained at calcination temperatures of 300, 400, 500, 600, and 700oC were labeled as 
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WHBC300, WHBC400, WHBC500, WHBC600, and WHBC700 respectively. Preliminary 

duplicate adsorption tests were conducted using these all adsorbents to select the WHBC with the 

highest adsorption efficiency for further WHBC activation. 

3.5. Activation of Biochar (KOH) 

Compared to WH, the KOH-activated WH possessed more microporous structures and larger 

BET, which was due to the following processes. KOH was selected as the activating agent of 

choice because it is known to produce materials with good performance, high yields, high 

adsorption capacity, and well-defined pores as well as a high specific surface area under low 

activation temperatures (H. M. Yang et al., 2017). A mixture of KOH and biochar in the mass 

ratio of 25:75, 50:50 and75:25 was applied with 100 mL of distilled water in a 250-mL beaker 

placed on a hot plate and stirred for 2 hr. at 90 °C for complete mixing And  it should be cooled 

for 2 hr. to form strong bond then washed by distilled water until the neutral pH was obtained 

and to remove any impurity .The mixture was then oven-dried at 110 °C for 24 h, and  grinded 

and sieved through a 0.15 mm mesh to obtain uniform material. The final materials were kept in 

pre-cleaned plastic containers as WHABC for activated water hyacinth biochar. 

3.6 Biochar Characterization 

Different characterization methods were used to examine the properties of the WHBC, KOH-

AC-BCH before and after adsorption. All the measurements in this study were performed in 

duplicate to ensure the quality and repeatability of the work. 

Biochar yield was calculated as the ratio between BC and the dry weight of water hyacinth 

biomass.  

FTIR analysis: The surface functional groups of activated water hyacinth-derived biochar 

samples before and after adsorption were examined with a Fourier-transform infrared 

spectroscopy (FT-IR). The attenuated total reflectance FTIR with model name FTIR-6600 type A 

and serial number A013861790 in the range of 4000 to 500 cm-1 was used. The sample for the 

FTIR analysis was prepared by weighting the amounts of sample, 1 gm, and Potassium Bromide 

(KBr) powder, 100 gm into an agate mortar. The FTIR pattern is plotted within the FTIR 

machine by generating the transmittance peaks (%) as the Y-axis versus wavenumber (cm-1) as 

the X-axis. 
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XRD analysis: The crystallographic structure in water hyacith and modified water hyacinth-

derived biochar before and after adsorption were identified by X-ray diffraction (XRD) analysis 

model Shimadzu XRD-7000 x-ray diffractometer using cu-kα radiation. The measurement 

condition for each test includes voltage = 40.0 (kV), current = 30.0 (mA), and scan range from 

10.00 to 70.00 with 0.02 step size. 

SEM analysis: A scanning electron microscope (JCM-6000PLUS Bench Top SEM, JEOL, 

Japan) was employed to visualize the surface morphology and structure of the activated water 

hyacinth biochar before and after adsorption. The procedure of analysis includes a 30 mg 

specimen mounted on a metal stub using a sticky carbon tape, which increases conductivity. The 

clip holds the sample securely and the clip does not obscure any area that you intend to image. 

The specimen must be electrically grounded to the sample holder to minimize specimen 

charging. Specimen exchange, evacuation, and automatic adjustment of the image were carried 

out for photographing and finally, the image was saved. 

BET analysis: The textural properties of water hyacinth biochar and activated water hyacinth 

(surface area, pore volume, and average pore diameter) were determined by the N2-BET method 

using a surface area and porosimetry analyzer (SA-9600 Series, Horiba Instruments, Inc.) at 

200oC degassing temperature for 2 hr. in the presence of nitrogen gas.  

UV/vis spectrophotometer analysis: The iron concentration (initial and final), was determined 

using the UV–Vis spectrophotometer (Hach DR6000TM, LPV441.99.00002, USA). 

pH of point of zero charge (pHPZC) measurement: The pH drift method was applied to 

measure pHPZC values. This method is less time-consuming, and the results are perfect than the 

ones obtained from other applied methods such as titrations. Accordingly, solutions of 50 ml of 

iron solution prepared in different Erlenmeyer flasks were adjusted to pH values of 1.0 to 12.0 

using 0.1 M NaOH and 0.1 M HCl. Then, 0.5g of KOH-AC-WHL was added to an Erlenmeyer 

flask containing iron solution and shaken for 24 hours. The final pH of the samples was 

measured and plotted against the initial pH (Pashai Gatabi et al., 2016). The intersection point of 

the resulting curve with the line passing its origin gives pHPZC. The pH of the solutions was 

monitored on a pH meter. 



33 
 

3.7 Preparation of calibration chart 

Stock solution containing iron is prepared using 500-ml standard volumetric flask, and using this 

solution different ppm concentrations of 100 ppm, 90 ppm, 80 ppm, 70 ppm, 60 ppm and 50 ppm 

were prepared by diluting the standard solution using 500-ml standard volumetric flask. Placing 

the different ppm solutions in the cuvette observed the reading for absorbance in the 

photoelectric colorimeter (Nallakukkala et al., 2021). The concentration is then plotted on a 

graph against absorbance as shown in Fig.3.8 thereby generating a calibration curve. Final 

concentration is calculated by the Beer-lamberts law 

                                             A = εlc  Where:                                                           (eq. 4) 

             ε = molar absorption coefficient which is equal with slope of calibration curve (M-1cm-1 ) 

                               l = optical path length          A = absorbance       c = molar concentration 
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Figure 3. 2: Calibration curve of iron  
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3.8 Biochar Adsorption Experiments 

Adsorption experiments were conducted to determine the potential of the biochars to adsorb 

Fe(II) from aqueous solutions. The period between fabrication and use of biochar in adsorption 

experiments is within three days.   

To determine the optimum conditions for Fe(II) removal by adsorbents from aqueous solution, 

batch adsorption experiments were carried out in 500 mL conical flasks using a magnetic stirrer. 

The effects of contact time (10–120 min) (30, 60, 90, and 120 min), initial Fe(II) concentration 

(50–100 ppm)(50, 60, 70, 80, 90, and 100ppm), adsorbent dosage (0.5–2 g/L)(0.5, 1, 1.5 and 2g), 

and initial pH (4–10)(4, 5, 6, 7, 8, 9, and 10) on adsorption performance were investigated. The 

effect of contact time on Fe(II) removal was studied using 50 mL of 10 mg/L solutions of Fe(II) 

agitated with 0.1 g/L of the adsorbent for different contact times (10–120 min). The effect of pH 

was investigated using 160 mL of 10 mg/L solutions of Fe(II) adjusted to initial pH 4–10 and 

agitated with 0.1 g/L of the adsorbent for 30 min. The effect of the adsorbent dose was studied by 

agitating 160 mL of 10 mg/L solution of Fe(II) containing different doses of adsorbent (0.1–2.0 

g/L) for 30 min. The effect of initial iron concentration was studied by agitating a 50 mL solution 

containing different concentrations of Fe(II) (50–100mg/L) for 30 min with 0.1 g/L of adsorbent. 

After agitation, samples were collected and the solids were removed by filtration through a 0.45 

µm pore size filter paper. The final metal concentration in the filtrate and the initial concentration 

were determined using an atomic absorption spectrometer (Varian AA240FS, Australia). The 

adsorption capacity qe (mg/g) and removal efficiency of Fe(II) at equilibrium were calculated as 

follows: 

                                                      𝑞𝑒(
𝑚𝑔

𝑔
) = (𝐶𝑜 − 𝐶𝑒)𝑉 𝑊⁄                                           (eq.5) 

                    Removal efficiency ( )% =  100 x (Co − Ce)/Co                                  (eq.6) 

 

Where qe (mg/g) is the adsorption capacity, Co and Ce (mg/L) are the initial and equilibrium iron 

concentration, respectively, V (L) is the solution volume, and w (g) is the adsorbent mass. 

3.9. Adsorption Isotherm  

To simulate the adsorption isotherms of Fe(II), the Langmuir (Eq.7) and Freundlich isotherms 

(Eq.8) were used in fitting the experimental data. The Langmuir model assumes that monolayer 
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adsorption occurs on homogeneous surfaces with no interactions among adsorbed ions. The 

Langmuir model is often used to describe adsorption capabilities and reflects the absorption 

equilibrium process. The Freundlich isotherm model assumes that multilayer adsorption occurs 

on heterogeneous surfaces and that the adsorption amount increases infinitely with increasing 

concentration. Moreover, the Freundlich isotherm model provides information on chemisorption 

on heterogeneous surfaces. 

                             Langmuir:  
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑞𝑚𝑎𝑥
+

𝑐𝑒

𝑞𝑚𝑎𝑥
                                                                   (eq.7) 

                                                     

                                       Freundlich:  ln(𝑘𝑓) +
1 

𝑛 
ln (𝑐𝑒)                                        (eq.8) 

where qe (mg g−1) is the equilibrium Fe(II) adsorption capacity in the solution, qmax (mg g−1) is 

the maximum capacity, Ce (mg L−1) is the equilibrium concentration of Fe(II), n is the 

Freundlich constant related to adsorption intensity, and KL (L mg−1) and KF (mg L−1 /n L−1 /n g−1) 

represent the adsorption constants for the Langmuir and Freundlich models, respectively. 

3.10. Adsorption Kinetic  

Kinetic investigation into sorption was performed to describe the adsorption mechanism and 

assess the efficiency of Fe(II) adsorption. Pseudo models were used to simulate the adsorption 

kinetics of Fe(II) concerning the biochars. First-order (Eq.9) and second-order (Eq.10) equations 

describe the kinetics of solid solution systems based on mononuclear and binuclear adsorption, 

respectively, concerning sorbent capacity. The pseudo-second-order kinetic model assumes that 

adsorption capacity is proportional to the number of active sites occupied by the adsorbent. 

                                   First-order equation:    
𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡)                          (eq.9) 

                          Second-order equation: 
𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2                               (eq.10) 

Where qt and qe are the amounts of Fe(II) adsorbed at time t and equilibrium, respectively (mg 

kg−1 ), and k1 and k2 are the first-order and second-order apparent adsorption rate constants (h−1 

and kg mg−1 h−1 ), respectively. 
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3.11. Adsorption of Fe (II) onto (AC-WHBC) in Real Wastewater 

To apply the laboratory experimental result to the practical real-world application, the 

investigation was carried out by taking real water, which has 150mg /L amount of total iron from 

steal factory wastewater. The laboratory report indicates the real water contains a high 

concentration of Cr, Mn, and Fe, which have the value of 0.23 mg/L, 0.61 mg/L, and 150 mg/L 

respectively. The adsorption process is conducted at optimum parameters, including pH = 6, 

contact time =90 min, initial concentration of iron = 50mg/L and adsorbent dose = 1g/L. 

3.12. Desorption and Regeneration Experiments 

The regeneration studies were conducted according to reference (Quintelas et al., 2009). In brief, 

50 mg/L Fe(II) ions concentration, 1.0 g/L adsorbent dosage, the solution pH 6.0, was agitated 

for 90 min at room temperature. The KOH-AC-WHL, in the recovered solution, was filled with 

deionized water and shaken for 180 min. Then, the sorbent was filtered, and the equilibrium 

concentration of desorbed ions in an aqueous solution was measured. The process was repeated 

four times. 
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Chapter Four 

 4. Result and Discussion 

4.1 Wastewater Characterization 

The WHO advises drinking water to contain the following amounts of inorganic pollutants 0.3 

mg/ L (Fe, regulated for aesthetic reasons) (WHO 2011). The real wastewater used in the present 

study had the following initial pollutant concentrations of iron, nickel, copper and lead is 30, 3, 2 

and 0.01mg/L respectively. These concentrations were far above the WHO thresholds.   

4.2 Characterization of raw water hyacinth biomass 

4.2.1 Proximate analysis 

Figure 4.1 displays the outcomes of the proximate analysis performed on the water hyacinth 

samples.  Fig 4.1 indicates that the content of volatile matter (VM) on WH is predominant with 

the value of 65.13 (wt. %).  A low value of VM indicates that biomass is hard to burn or will 

affect its low reactivity, and vice versa. Meaning that the higher the VM, the more susceptible the 

biomass to burn and the higher its reactivity. Therefore, the high VM content of WH infers that 

this biomass is reactive during the combustion process (Sukarni et al., 2014). 
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           Figure 4. 1: Proximate Analysis of Water Hyacinth (dry basis wt. %) 
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Ash (A) becomes the second largest content with a value of 16.3 (wt. %). This high ash content is 

influenced by the inorganic elements which are non-flammable parts of biomass (Obernberger et 

al., 2006). These elements are derived from mineral fractions of biomass origin. The ash content 

of biomass fuel is tightly related to accuracy choice of combustion technology and gas cleaning 

method. In the combustion system, the residual handling method and overall operating cost are 

strongly determined by the ash fuel content. Thus, fuel with the minuscule content of ash is 

highly desirable. 

It was discovered that 18.57 weight percent of fixed carbon, which is obtained entirely from the 

lignin component of biomass material, is transformed into biochar and other carbonaceous 

compounds in thermochemical conversion processes. 

Last but not least, WH has a 10.87 (wt. %) moisture content. In comparison to its volatile 

content, this figure is quite small. It is seen favorably since less energy is required for the 

evaporation process during thermal conversion the lower the water content.  

 4.2.2 Component analysis of water hyacinth 

Figure 4.2 displays the findings of the chemical composition study of water hyacinth. By 

understanding the component so, that we explore the way to convert in to value added product. 

According to the findings, cellulose, hemicellulose, and lignin make up the majority of the 

aquatic plant. Hemicellulose has the highest composition of 38.2 wt %, followed by cellulose at 

25.10 wt %. Lignin concentration is 6 wt %, the least. The results are comparable to what was 

obtained in previous studies, which had cellulose (18.20 – 26.10 wt), hemicellulose (26.80 – 

48.70 wt %), lignin (3.50 – 6.30 wt %), and extractives (13.30 – 18.00 wt %) (Nigan, 2002; Luo 

et al., 2011). 

Hemicellulose is the material that can be pyrolyzed the simplest, followed by cellulose, and 

lignin is the most challenging. Cellulose and hemicellulose are the primary components of 

biomass that are transformed into bio-oil and bio-gas, whereas lignin makes up the solid residue, 

or bio-char (Asadullah et al., 2007; Jahirul et al., 2012; Fukuda, 2015). The main components of 

biomass that are converted into bio-oil and bio-gas are cellulose and hemicellulose, whereas 

lignin makes up the solid residue or biochar. 
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                          Figure 4. 2: Component Analysis of Water Hyacinth (dry basis wt. %) 

4.3 Effects of Calcination Temperature on Biochar Yield 

Table 4.1 shows the yield amount, in percentages, of the water hyacinth obtained at various 

calcination temperatures. The yield of the material decreased with increasing calcination 

temperature. The calcination temperature negatively but differentially affected the biochar yield. 

Usually, as the calcination temperature increases, there is the removal of the volatile matter from 

the biomass, causing the biochar yield to decrease (Yadav and Jagadevan 2019) and there is a 

sintering and shrinkage of biochar which become denser and more compacted.  

Table 4. 1 Biochar yields obtained for water hyacinth at different calcination temperatures 

Biochar   BC300   BC400   BC500    BC600     BC700 

Yield (%)    50      42   34.675        25         23 

 

4.4. Optimum Conditions for Synthesis of Adsorbents  

The removal efficiency of water hyacinth char highly depends on calcination temperature and 

calcination time, the process of calcination has several purposes to water hyacinth char. Firstly, it 

activates the material by removing impurities and volatiles, resulting in increased surface area 

and pore volume. This activation enhances the adsorption capacity and efficiency of water 
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hyacinth char calcination and eliminates organic matter present in the water hyacinth char 

through high-temperature combustion(K. Yadav & Jagadevan, 2020). Generally, the calcination 

temperature and the duration of calcination affect the extent of activation and the degree of 

structural modifications.  

4.4.1. Effect of the Calcination Temperature 

During this experiment, the calcination time, initial iron concentration, contact time, adsorbent 

dosage, and solution pH were kept constant at 1 hr, 50 mg/L, 30min, 0.5 g/L, and 7 respectively. 

As shown in Figure 4.3, the iron removal efficiency increased from 58 to 85.2 % as the 

calcination temperature raised from 300 to 500 oC. 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3: Optimum calcination temperature 

This was due to low temperatures, below 500 °C caused more organic matter originally in the 

water hyacinth biochar to be added to the treated water due to inadequate removal of organic 

matter in the bone structure (Alkurdi et al., 2019). 

However, with further increased temperatures from 600 and 700 oC, the iron removal efficiency 

decreased from 70.2 to 53.2 %. According to Rojas-Mayorga et al., (2015), at lower calcination 

temperatures an increase in temperature might help to increase pore volume and surface area on 
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the adsorbent and the reverse is expected as shown in figure 4.3. And may results in the loss of 

certain functional group which are essential for adsorption.  

4.4.2. Effect of calcination Time 

This experiment was employed at an initial iron concentration of 50 mg/L, a calcination 

temperature of 500 oC, a contact time of 30min, an adsorbent dosage of 0.5 g/L, and a pH of 7. 

While keeping these constant conditions, different calcination times of 0.5, 1, 2, and 3were 

varied and tested.  

       Figure 4. 4: Effect of calcination time 

As depicted in Figure 4.4, it was observed that iron removal efficiency increased at a time raised 

from 0.5hr to 1hr, whereas an increase in the pyrolysis time beyond 1 hr. shown gradually 

decreased the iron removal efficiency due to loss of functional group (Nallakukkala et al., 2021).         

4.4.3 Effect of mixing ratio of KOH and water hyacinth biochar  

The effects of KOH and water hyacinth biochar mass ratios on the adsorption performance was 

explored in Fig. 4.5. As observed, the Fe(II) uptake increased from 60% to  83% as the KOH: 

biochar mass proportions elevated from 25:75 to 75:25. So that as the mass of activater (KOH) 

increases the removal efficiency also increases thus providing powerful evidence for the 
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adsorption improvement of original biochar by KOH activation but we are taking the biochar as a 

precursor material for the research so that the best mass ratio was 50:50 as shown in the graph 

from the angle of cost effectiveness of the process may increase the cost of production due to the 

higher amount of activating agent is required. 
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Figure 4.5: Effect of mixing ratio 

4.5 Adsorbents characterization 

4.5.1 Brunauer-Emmett-Teller (BET) Analysis   

The values of Brunauer–Emmett–Teller (BET) surface area, pore radius, and pore volume of the 

adsorbents are shown in Table 4.2. These values reveal that the adsorbents have favorable 

adsorption properties. KOH-WHBC has the highest BET surface area (528 m2 /g) and pore 

volume (2.1 cm3 /g) which indicates that KOH-WHBC has the highest capacity to remove iron 

ions compared to other adsorbents. The pore volume of the adsorbents corresponded to the same 

increasing trend as the surface area as follow: KOH-WHBC > WHBC. Therefore, the modified 

activated carbons with potassium hydroxide (KOH-WHBC)s have high adsorption properties 

compared to other adsorbents. 
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Table 4. 2: BET surface property result for WHBC and KOH-WHBC composite 

          Sample  Surface area(m2/g) Total pore volume 

(cm3/g) 

Pore radius (Ao) 

      WHBC 400.249 1.587 0.145 

    KOH- WHBC 528 2.1 1.324 

4.5.2 Scanning Electron Microscope (SEM) Analysis  

The surface images of the WHB, KOH-WHBC before and after (a, b and c) were carried out by 

using SEM. The SEM micrographs of WHB are shown in Fig. 4.5. The micrographs show that 

the WHB has an inhomogeneous, rough surface. In addition, its surface contains many pores that 

vary in size, shape, and depth; this observation is consistent with other WHB prepared previously 

(Masto et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 5 : SEM images of a) Water hyacinth BC b) KOH-Water hyacinth BC before 

adsorption c) KOH-Water hyacinth BC after adsorption 
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When the WH biomass is calcinated, the volatile substances released from it result in the 

formation of micropores on its surface, while the volatiles, which were trapped inside the 

biomass, expand the microstructure. Consequently, WHB becomes a porous material with a high 

surface area (Z. Liu et al., 2015).Figure 4.5a) shows water hyacinth biochar wich was produced 

at a temperature and time of 500 0C and 1hr respectively. WHB in the figure forms needle like 

structure with less porosity and high agglomeration were observed for SEM image.  Figure 4.5 b) 

shows activated water hyacinth wich was produced by with 1:1 ratio of adsorbent and KOH 

before adsorbtion process. KOH-WHBC is less agglomerated with better dispersion and pore site 

observed. This change were observed due to activation of biochar, resulting in the collapse and 

shrinkage of the material. This can lead to a reduction in particle size. In addition, it may result in 

formation of new pore sites. The interconnected porosity makes it suitable for adsorption 

application. As shown in Fig. 4.5.b, the external surfaces of the activated carbons have 

considerable numbers of pores, which are of different sizes and shapes. The surfaces of KOH-

WHBC (b) are rougher and features a higher porous structure than water hyacinth biochar and 

raised its adsorption capacity. The modification process is effective in forming well-developed 

pores on the adsorbents surfaces, leading to KOH-WHBC with larger surface areas and better 

porous structure (mesoporous). Nearly all heterogeneous types of pore structure were also 

distributed on the modified adsorbents surfaces. Fig. 4.5 c) shows the SEM images activated 

water hyacinth after adsorption it become again agglomerate and dense due to KOH-WHB loads 

iron(II). 

4.5.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis  

Fig. 4.6 represents the FTIR analysis of the biochar, activated and Fe(II) loaded biochar dictating 

a fluctuation of the peak intensity within 500-4000cm-1. The FTIR spectra of the biochars 

(WHBC and KOH-WHBC) are shown in Fig 4.6. The band at 3,437 cm−1 represented the 

stretching vibrations of the OH groups, which could be attributed to the adsorbed water on the 

biochar. The asymmetric (2,927 cm−1 ) and symmetric (2,854 cm−1 ) C– H stretching bands were 

associated with aliphatic functional groups and were observed in WHBC but not in KOH-

WHBC, thus indicating a decreased non-polar aliphatic fraction. The bands around 1,636 cm−1 

were attributed to the aromatic C = O and C = C. The C = O functional groups showed very high 

coordination with the heavy metals. The bands at around 1,317 cm−1 were associated with the 

phenolic -OH or aromatic CO- stretching vibrations. In short, the functional groups observed on 
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the biochars included CH, OH, C = O, and CO, all of which may have contributed to the Fe 

sorption. On the basis of these results, we can deduce that the good sorption properties of the 

adsorbent toward Fe can be attributed to the presence of the functional groups in the adsorbent. 

The shift (600 cm-1) indicates the alteration of frequency in the functional groups of the biochar 

due to the adsorption of iron. A significant band shift in the region of 500–1500 cm-1 is due to 

hydroxyl groups of phenols present on the adsorbent surface (Saranya et al., 2017). The 

appearance of the peak aroun 500 cm-1 in KOH-WHBC is due to the adsorption iron by 

Eichhornia crassipes biochar. As shown in Figure 4.6. This means that the groups were 

participating in the adsorption to a certain extent to produce new functional groups as a result of 

the complexation Fe(II) ions with the main functional groups which are in agreement with the 

reference (W. Chen et al., 2018). 
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Figure 4. 6. FT-IR spectra of a) WHB, b) KOH-AC-WHB, and c) KOH-AC-WHB-Fe(II) 

As shown in the figure 4.6b) The KOH-AC-WHL presents peak around 3470, 2927, 2847, 1739, 

1640, and 1090 cm-1 which was attributed to vibration of O–H, sp3 C-H, sp2 C-H, C=O, C=C, 

and C-O functional groups, respectively. The FT-IR spectrum for KOH-AC-WHL-Fe(II) 
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figure4.6c) shows the shift, disappearance, and decrease in the intensity of the peaks due to the 

interaction of Fe(II) ions with hydroxyl and carboxyl functional groups. This means that the 

groups were participating in the adsorption to a certain extent to produce new functional groups 

as a result of complexation Fe(II) ions with the main functional groups which is in agreement 

with reference (Ley 25.632, 2002). 

4.5.4 X- Ray Diffraction (XRD) Analysis  

The XRD curves of RWHB and KOH-WHB are shown in Fig. 4.7. The XRD patterns of RWHB 

and KOH-WHB were analyzed. Powder XRD (Shimadzu XRD-7000 X-ray diffractometer using 

Cu-Kα radiation) was used to determine sample crystallinity throughout this work. The XRD 

patterns confirmed that the diffraction peaks correspond to the crystal structure and phase purity 

of synthesized material. The diffraction peak of WHB consists of a poorly crystalline phase 

compared to the KOH-WHB as shown in the figure 4.7 (a).  A decrease in the peak width and a 

considerable increase in the peak height were observed with KOH-⸼WHB. The two curves seem 

to have nearly the same distinct peaks, indicating the presence of the same crystalline phase, with 

much more elevation in the area from 9 to 500 in the WHBC than that of the KOH-WHB. Two 

broad peaks were appeared at the 2 theta value of around 90 and 320 for raw WHBC. These might 

related to crystallinity in lattice spacing of cellulose. On the other hand, the KOH-WHB XRD 

curve (Fig. 4.7b) showed that the peaks at the same angles disappeared and appearance of small 

pick.  The peaks 2 theta value of ( 150,190,240,280,380,390,500,and 620) show new appearance of 

peak and angle shifting due to the activation of biochar by KOH  and there is also a 2 theta value 

(350 and 450 ) dis appearance of paek due some reaction(Shaaban et al., 2013). 

Figure 4.7 b)shows the XRD plot of KOH activated WHBC according to the observed peaks, 

KO3 and K2CO3⋅(1.5)H2O were identified in the product of chemical activation (peaks at 2θ = 

32.5°, 39.8°, and 41.9° for KO3 and peaks at 2θ = 15°, 29.8°, 30°, 32.5°, 32.7°, and 41.5° for K2 

CO3 ⋅[1.5H2O]). More study is required to specify the other possible potassium compounds in the 

product.Figure 4.7a) showes five sharp distinct peaks at 2 theta values of the WHBC curve 

appeared at approximately 90,290, 300, 320, 350 and 450  . In this study, carbon in the water 

hyacinth-derived biochar have possessed an amorphous carbon structure, natural organic matter-

like structure, and condensed graphitic structure (crystallite) during the calcination process at a 

temperature (500 °C) (W. Chen et al., 2018). Meanwhile, crystals also formed in the ash of 
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inorganic minerals with a relatively high content. According to analysis in the Search-Match 

software, the main crystal structure is potassium salt (KCl). Moreover, the weak diffraction peak 

at 2θ=29.1 depicts the stacking of the monatomic carbon layer in crystallites, which indicates that 

the organic crystalline compounds in water hyacinth have been carbonized into graphitized 

crystallite carbon with finer grains. 
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Figure 4. 7: XRD patterns of the water hyacinth-derived biochar 

4.6 Point of zero charge ( pHPZC ) 

KOH-AC-WHBC's pHPZC was discovered to be 3.4, as seen in the figure below the point at 

which the surface is electrically neutral. At pH < 3.4, Fe(II) ions are prevented from adhering to 

the surface of KOH-AC-WHBC by electrostatic repulsion. The negatively charged accessible 

active sites on the KOH-AC-WHBC progressively increased with increasing pH, creating a 

strong electrostatic attraction that favored the adsorption of Fe(II) ions. Above the pH of 3.4 the 
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surface tends to carry a net of negative charge due to adsorption of (OH-) and below the pH of 

3.4 the surface tends to carry a net of hydrogen ion (H+) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 8: Determination of point of zero charge on KOH-WHBC 

4.7 Factors Affecting Iron Adsorption 

4.7.1 Effect of pH of the solution 

At low pH levels, in the range of 1 to 5, the concentration of H+ ions is more comparable to that 

of heavy metal ions; additionally, the prepared activated adsorbent has a greater affinity for H+ 

ions than for iron metal ions. Hydrogen ions also tend to compete with iron metal ions for the 

adsorbent adsorption sites. As a result, less adsorption is seen at lower pH values, which may be 

related to the presence and greater mobility of H+ ions. Similar to this, at high pH levels in the 

range of 8 to 14, the adsorbent surface's negative charge density increases, increasing the 

attraction between the metal ion and the adsorbent as shown in figure 4.9. The produced 

activated adsorbent exhibits a greater affinity for the OH- ion in comparison to the heavy metal 

ion.  
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Figure 4. 9: Effect of pH on iron metal ion removal 

Fewer adsorbent active sites were left behind when the pH rose from 3.0 to 6.0, making more 

negatively charged active sites available for electrostatic interaction and facilitating the 

adsorption of the positively charged iron metal ions. One possible explanation for the modest 

decrease in adsorption at pH 7 is the production of soluble hydroxyl complexes, such as Fe(OH)2. 

This suggests that adsorption reduces at high pH values. However, based on the graph, the ideal 

pH level was determined to be 6, as this was the maximum adsorption and removal efficiency 

found there. 

4.7.2 Influence of Initial Ion Concentration  

 Fig. 4.10 illustrates the impact of adsorbent dosage on Fe(II) removal efficiency at pH 6. The 

adsorbent dosage is 0.5g/L, and the incubation period is fixed at 0.5 hours. As illustrated in Fig.4. 

10,  small initial ion concentration  have lower removal efficiency due to mass transfer limitation 

and equilibrium may not balance which shifts towards to desorption and an increase in the initial 

ion concentration causes a decrease in the iron removal effectiveness against an iron-containing 
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aqueous mixture. This is because at lower concentrations, sufficient adsorption sites are 

available, allowing the Fe2+ ions to come into contact with those sites. Adsorption efficiency is 

reduced at higher concentrations because chemically activated carbon adsorption sites remain 

soaked. Based on the graph, the ideal starting ion concentration is 50 ppm. 

 

                             

                         

 

 

 

 

 

 

 

 

 

 

Figure 4. 10: Effect of initial ion concentration on iron metal ion removal 

 

4.7.4 Effect of adsorbent dosage 

The effect of adsorbent dosage on percent removal and adsorption capacity was shown in Figure 

4.11. Increasing KOH-AC-WHBC dosage increases the percent removal while decreasing the 

adsorption capacity, an effect also reported by others (Y. Huang et al., 2014). The increased 

adsorbent dose provides additional active sites leading to increased percent removal. But, at high 

adsorbent concentrations, the percent removal reaches a maximum constant value. This is due to 

the agglomeration of the adsorbent which decreases the unoccupied adsorption active sites and 

the effective surface area. The initial concentration and volume of Fe(II) ions are constant; the 

number of ions contacted and adsorbed by the adsorbent per unit mass decreases with the 
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increase in the adsorbent dose, and the active sites of the adsorbents are not saturated. Hence, 

with the increase in the adsorbent dose, the adsorption capacity of Fe(II) gradually decreases, and 

similar results are reported in reference(Lei et al., 2019) . So that from the figure 4.11 up to 1g/L 

of adsorbent dosage the removal efficiency increases and after that it becomes constant due to all 

site become occupied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11: Effect of biochar dosage on iron metal ion removal 

4.7.3 Effect of Contact Time 

As shown in figure 4.12 early in the sorption phase, there was a noticeable quick increase in the 

adsorption capacity, which thereafter began to diminish progressively after around 90 minutes. 

This may have to do with the adsorbent's early stage having an extraordinarily high volume and 

pores open for ion uptake or adsorption. Fe(II) ion adsorption proceeded quickly for the first 

sixty minutes, and then steadily approached equilibrium after ninety minutes. Fe(II) ions had an 

removal efficiency of 99.3%, and maximum sorption was reached after 90 minutes.  

Furthermore, a further increase in contact time had no discernible effect on the metal ion's 
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adsorption capacity, most likely as a result of the adsorbent surface becoming saturated with 

Fe(II) ions, which is consistent with reference (Yahya et al., 2020).  

 

 

         

 

 

 

 

 

 

 

 

 

 

 

         Fig 4.12. Effect of time on iron metal removal 

The adsorption of Fe(II) ions was fast for up to 60 min due to early stage of the adsorbent have 

high volume and pores open for adsorption  and thereafter they gradually reached equilibrium at 

90 min. Maximum sorption was obtained at 90 min, with Fe(II) ions showing an adsorption 

capacity of 65.5 mg/g. Moreover, a further increase in contact time had no significant influence 

on the adsorption capacity of the metal ion, probably due to the saturation of the adsorbent 

surface with Fe(II) ions which is in agreement with reference (Yahya et al., 2020).  Therefore, 

the optimum contact time was chosen as 90 min for the process and further investigation.    

                      



53 
 

4.8 Adsorption isotherm and kinetics  

4.8.1 Adsorption isotherm 

In order to gain better understanding on the possible Fe(II) sorption processes by the water 

hyacinth-derived biochar, the empirical Langmuir and Freundlich models were utilized to fit the 

abovementioned adsorption data. The Langmuir isotherm model (Fig. 8.13a) assumes that the 

surface of the adsorbent possesses the same active adsorption sites and the adsorption process 

takes place in a single molecular layer (Febrianto et al., 2009).The Freundlich isotherm model 

(Fig. 8.13b) assumes that the adsorption enthalpy is multiphasely distributed on the surface of 

adsorbent and enhances with the increasing adsorbent surface coverage. The Freundlich 

adsorption isotherm has the highest R2 value 0.97 respectively. This result indicated the 

occurrence of multilayer adsorption on a heterogeneous surface(Kong et al., 2017). While, the 

Langmuir model fits well for the adsorption of Fe(II) on KOH-WHB adsorbent (R2 = 0.986), 

which indicates monolayer sorption with a finite number of identical sites (Y. N. Wang et al., 

2016). 

4.8.2 Langmuir and freundlich adsorption isotherm 

This defines quantifiable information on the development of a monolayer adsorbate on the 

adsorbent external layer. Langmuir adsorption isotherm signifies the equilibrium dispersal of 

metal among the solid liquid streams, and it is effective for monolayer adsorption comprising to 

limited amount of alike positions. This isotherm considers even adsorption on the surface of 

adsorbate. From the graph 4.13a variables are calculated from the slope and intercept of 

Langmuir graph of ce /qe vs Ce where KL is found 0.0021. The freundlich technique is 

implemented to define the adsorption features for the heterogeneous system.  
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Figure 4. 12: Linear model fitting of a) Langmuir and b) Freundlich isotherm 

The constant Kf is adsorption capacity indicator, and 1 n is a function of the adsorption strength. 

If n=1, the barrier among the two phases remains concentration independent and when the value 

of 1 n < 1, it designates normal adsorption. As there is rise in temperature, the constants k and n 

vary to show that adsorbed amount increases gradually and in order to saturate the surface higher 

pressures are required. The least-squares technique and linearly transformed equations can be 

used in order to relate adsorption information where 1 n signifies heterogeneity. If n is between 1 

and 10, then it designates a promising adsorption phenomenon. From Fig. 4.12 it is found that Kf 

is 28.5.32 and n is 3.311.The experimental data of Fe(II) adsorption were regressively simulated 

with the two models and the results are displayed in Fig. 4.12,  
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Table 4.3: Model adequacy measures 

Isotherm parameters Value 

Langmuir qmax (mg/g) 312.5 

KL (L/mg) 0.0021 

R2 0.986 

Freundlich n 3.311 

 1/n 0.302 

kf (mg/g)(1/mg)1/n 28.5 

R2 0.97 

 

The parameters obtained from the linear fitting of Langmuir and Freundlich models provide 

important information on the affinity of the adsorbent, the sorption mechanisms, and the surface 

properties of the adsorbent. The Langmuir model gave the most accurate estimations R2 =0.986 

indicating that, a homogenous adsorption rate, with equal adsorbent affinity, with single-layer 

adsorption (M. Li et al., 2019). Maximum adsorption capacities obtained from the Langmuir 

model were 312.5 mg/g 

4.8.3 Adsorption kinetics 

 The iron metal acceptance rate and equilibrium time on activated carbon are determined by the 

adsorption kinetics. Adsorbate kinetics is still crucial when determining the best operating 

conditions for a batch system. The kinetic parameters provide strong support for the process 

modeling and help estimate the rate of adsorption. Thus, kinetics is used to assess the effects of 

initial ion concentration, contact time, and adsorbent dosage. Different kinetic rate equations, 

such as pseudo-first-order and second-order models, are used to investigate the adsorption 

kinetics.  
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Table 4.3: Kinetics model parameters for Pseudo-first-order and Pseudo-second-order 

Kinetics parameters Value 

Pseudo-First Order qe (mg/g) 21.13 

K1 (min-1) 0.00639 

R2 0.712 

 

Pseudo-Second Order 

qe (mg/g) 67.84 

K2  (g/mg.min) 0.00264 

R2 0.998 

 

The kinetics of adsorption is analyzed by means of various kinetic rate equations such as pseudo-

first-order and second-order model. The first-order rate constant k1 is accomplished from slope 

of the graph drawn between ln (qe−qt) vs time, as shown in Fig. 4.13. Table 4.3 data were 

obtained from Fig. 4.13.Second-order rate constant obtained from graph of t/qt versus t. The 

pseudo-second order kinetic equation is implemented by means of drawing graph between t/qt 

versus t, and the present kinetics resulted in higher values of regression correlation coefficient of 

R2=0.998 as shown in Table 4.3. 

The obtained experimental values suggest that the adsorption of iron metal ion on the chemically 

activated carbon satisfied the pseudo-second order kinetics, representing the suitability to 

adsorption phenomena. This factor indicated that adsorption of iron exhibits the second-order 

mechanism, demonstrating that chemical adsorption is the rate-limiting step among the metal and 

chemically activated water hyacinth carbon. 
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a)pseudo-first-order model 
b) pseudo-second-order models 

 

                  Figure 4. 13: Linear fitting model of a) pseudo first and b) pseudo second order 

The pseudo-first-order and pseudo-second-order models in Figure 4.13 a show, a good fitting to 

the experimental data with R2=0.712 and 0.998 for Fe(II) ions, respectively. Moreover, the 

theoretically calculated adsorption capacities from pseudo-first-order and pseudo-second-order 

models were found to be 21.13 and 67.84 mg/g, respectively, and the adsorption capacity 

obtained from the pseudo-second-order model is close to the experimental value. Hence, the 

pseudo-second-order model can be applied to predict the adsorption kinetics, and so that, the 

rate-controlling step was chemisorption (Q. Zhou et al., 2018). 

4.9. Reusability study 

To assess the durability of this adsorbent, reusability studies were carried out. The reusing 

efficiency of KOH-AC-WHL for four consecutive cycles is shown in Figure 4.14. To study 

reusability study 1g of adsorbent dose, 6 of pH of the solution, 50 mg/L of initial iron 

concentration at 90 min. contact time with removal efficiency of 99.3% contacted to regenerate 

adsorbent. As shown in bar graph figure 4.14, the removal efficiency of the first cycle was 91.5% 

while the second cycle resulted 75% and third cycle the removal efficiency of iron ion was 68 % 
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due to biochar become saturated with adsorbed substance, This value ensures that the prepared 

adsorbent could be reused different times without any loss of adsorption ability. Therefore, 

KOH-WHBC is a promising adsorbent for removal of iron ion from contaminant water. The 

reusability of the adsorbents is important for the economic feasibility and practical implications. 

As supported by literature(W. Ahmed et al., 2021), it can be generalized that if we use for 2 

times KOH-AC-WHL is suitable for the re-adsorption iron from wastewater. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 14: KOH-AC-WHL recycling study 

4.10. Removal of iron from Real water 

The removal efficiency of the adsorbent drops to 70%, the result shows a significant decrement 

in the removal efficiency of the adsorbent due to the presence of a large amount of other heavy 

metals. Real water has complex and diverse compositions, including high concentrations of 

interfering substances, complex organic compounds, or heavy metals. These substances can 

compete with iron ions for adsorption sites on the adsorbent or form complexes that reduce the 

availability of active sites. This competition and interference can lead to a decrease in the 

removal efficiency. Moreover, real waste water contains suspended solids, colloidal matter, or 

organic compounds that can adhere to the surface of the adsorbent and form a fouling layer. This 

fouling layer can block or reduce the accessibility of the active sites, inhibiting effective iron 

removal. 
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4.11. Comparison of investigated adsorbents with other adsorbents  

In this study, the adsorption capacities (calculated from Langmuir isotherm) of various 

adsorbents for Fe(II) were compared in Table 4.3 It could be concluded that activated carbon and 

modified activated carbon prepared from water hyacinth have higher adsorption capacities than 

the other types of adsorbents. In addition, the adsorption of Fe(II) by activated carbons is very 

fast. Thus, the modified activated carbons by KOH are promising adsorbents for iron removal 

from an aqueous solution. 
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Table 4. 3: Comparison of adsorption capacities of iron on different adsorbents 

 

 

 Conditions   
Adsorbent Fe C0(mg/L) Dose pH Qm(mg/g) Reference 

Corn cobs AC III 5-40 0.1 8 500 (El-bendary et 

al., 2021) 

Modified corn cobs 

AC 

III 5-40 0.1 8 250 (El-bendary et 

al., 2021) 

Olive stone waste 

AC 

II 20 3 5 57.47 (Alslaibi et al., 

2014) 

Cross-linked 

chitosan beads 

III 6 0.1 5 99.09 (Ngah et al., 

2005) 

Cross- linked 

chitosan beads 

II 6 0.1 5 64.1 (Ngah et al., 

2005) 

Coir fibers II 74 20 6.6 2.84 (Shukla et al., 

2006) 

Oxidized coir fibers II 74 20 6 7.49 (Shukla et al., 

2006) 

Calabrian pine 

bark waste 

II 55-111 10 4 2.03 (Acemioǧlu, 

2004) 

Agrobacterium 

tumefacients 

III 5-100 37.5 2.9 2.12 (Baytak & 

Türker, 2005) 

Pretreated orange 

peel 

III 30 1 3 18.2 (Lugo-Lugo et 

al., 2012) 

Crude olive stone III 5-100 37.5 2.9 1.2 (Nieto et al., 

2010) 

E.coli biofilm on 

kaolin 

III 10-100 6.6 2.7-3.5 16.5 (Quintelas et al., 

2009) 

Streptomyces 

rimosus biomass 

III 100 3 10 125 (Selatnia et al., 

2004) 

Pecan nutshell III 200 4 4 76.6 (Vaghetti et al., 

2009) 

Egg shells III 1-10 2.5 7 8.7 (Yeddou & 

Bensmaili, 

2007) 

lignite II 130 6 3.5 34.22 (Mohan & 

Chander, 2006) 

lignite III 130 6 3.5 11.9 (Mohan & 

Chander, 2006) 

KOH-AC-WHL II 50-100 1 6 312.5 Present study 
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Chapter Five 

5. Conclusions and Recommendations 

5.1. Conclusion 

The present investigation focused on the synthesis and characterization of KOH-AC-WHBC 

adsorbent from water hyacinth to remove iron from synthetic, and real wastewater effluent. 

KOH-AC-WHL is an effective adsorbent for the removal of Fe(II) ions from an aqueous 

solution. The removal of Fe(II) ions using KOH-AC-WHL was pH dependent and better 

adsorption capacity was obtained at pH 6.0, a contact time of 90 min, at an optimum adsorbent 

dose of 1 g/L, and calcination temperature of 500 0C suggesting that this is a reasonable and cost-

effective adsorption technique. The XRD, FTIR, and SEM result analysis confirmed that iron 

was successfully adsorbed by KOH-AC-WHBC.  

The experimental adsorption data were fitted to Langmuir and Freundlich isotherm models. 

Experimental results are in good agreement with the Langmuir adsorption isotherm model, with a 

maximum monolayer adsorption capacity of 312.5mg/g. The cost of Fe(II) ions removal using 

KOH-AC-WHL is quite low as the raw materials for the synthesized adsorbent are easily 

available in large amounts from highly invasive weeds. Moreover, this is a simple technique to 

control the spread of unwanted water hyacinth weed by utilization. 

5.2. Recommendation 

For future work, the following recommendations are suggested based on the results obtained 

from this study. 

 -It is recommended that to conduct response surface method in order to know the interaction 

effect of the parameter within each and as well as adsorption thermodynamics of the system. 

-In this study batch adsorption experiment, equilibrium isotherm, and kinetics were conducted. 

However, further column adsorption study is recommended for a continuous flow system to 

optimize process design variables and scale up for practical applications. 

-Further studies on the effectiveness of other regenerating solutions such as H2SO4, HCl, NaOH, 

and solvent methods will be recommended. 
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Appendix 
Appendix A: Thermal analysis result (TGA) raw water hyacinth sample 
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Appendix B: Proximate Analysis of water hyacinth and water hyacinth biochar (BBC) at 500 oC. 

Material Proximate analysis Value 

 

 

Raw water hyacinth 

Moisture content, %M 10.87 

Percentage volatile matter, 

%VM. 

65.13 

Percentage ash content, 

%Ash. 

16.3 

Percentage fixed carbon 

content, %FC. 

18.57 

Appendix C: Isotherm data for the removal of iron by KOH-WHBC  

Experimental data of adsorption for Langmuir isotherm 

Exp. no Ci(mg/L) Ce(mg/L) qe(mg/g) Ce/qe 

1 10 2.5 1.66 1.566 
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2 20 5 3.25 1.58 

3 30 7 4.54 1.63 

4 40 8.5 5.17 1.66 

5 50 11.7 7.51 1.684 

6 60 13.25 8.48 1.715 

7 70 15 9.55 1.74 

8 80 18.5 11.7 1.782 

 

Experimental data of adsorption for freundlich isotherm 

Exp. no Ci(mg/L) Ce(mg/L) lnCe (mg/L) lnqe(mg/L) 

1 10 2.5 0.92 3.63 

2 20 5 1.61 3.84 

3 30 7 1.95 3.95 

4 40 8.5 2.14 4.01 

5 50 11.7 2.46 4.1 

6 60 13.25 2.58 4.14 

7 70 15 2.71 4.18 

8 80 18.5 2.92 4.24 

 

Appendix D: Pseudo-first order and pseudo-second order kinetics data and its constant values 

Time(min) Co (mg/L) ln(qe-qt) t/qt (g.min/mg) 

50 1 2.7313 0.8193 

100 1 2.41 1.556 

150 1 2.09 2.29 

200 1 1.77 3.03 

250 1 1.45 3.767 
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b 

Appendix E: Standard calibration curve of phosphate removal                                                                                                                         
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Raw water hyacinth Root of water hyacinth Washed root water 

hyacinth  
Dried in an oven at 

105 OC for 24 hour 

Further grinded with grinder 
Sieved with a size of 

(1.0 to 2.0 mm) 
Final product of water 

hyacinth 

    Dried water hyacinth Calcination (Muffle furnace) at (300- 700 oC) 

Sieved with a size of (250–355 μm). 

   Conserved in a desiccator 

Appendix F:  Sample preparation from water hyacinth 

 

 

 

 

 

 

Appendix G: Synthesize of water hyacinth derived biochar (WHBC) 
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Appendix H: Activation of water hyacinth-derived biochar (WHBC) by KOH 

 

 

 

 

 

 

 

 

 

 

 

Appendix I: Point zero charge analysis of activated water hyacinth biochar  

 

 

 

 

 

 

 

 

 

Potassium hydroxide 

(KOH) 

     Biochar  

Biochar + KOH 

solution 

Stirred by magnetic 

stirrer for 2hr at 90 0C 

   Grounded in mortal and pestle Oven dried at 110 0C for 24 hr 

Filtered by 

vacuum filter  

Sample stored for adsorption 

and characterization 

50ml of iron solution is prepared in 

different Erlenmeyer flask 
pH of the solution (3-10) was set 

with HCl and NaOH (0.1M) Solution 

0.5g was measured and added 

to the solution 

Shacked the flask at speed of 

150 rpm at 25 0C for 24  Filtered the content The final pH value were recorded 

of the filtrates accordingly 
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Appendix J: Waste water analysis (for chromium, iron and manganese) 

 

Source : (Kibret & Science, 2023) 
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Appendix K: Waste water analysis (for copper, nickel and lead) 

 

Source : (Kibret & Science, 2023) 
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Appendix L: Brunauer-Emmett-Teller (BET) Analysis  result 

 

 


