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A novel approach to develope marine macro-algae 

adsorbent with chitosan and ferric oxide for simultaneous 

efficient heavy metal removal and easy magnetic 

separation

Eun-Bi Son

 Department of Civil & Environmental Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Despite the excellent sorption ability of biochar for heavy metals, It is 

difficult to separate after adsorption when applied to wastewater treatment 

process. To overcome these drawbacks, we developed engineered magnetic 

biochar by pyrolyzing waste marine macro-algae as a feedstock, and we doped 

iron oxide particles (e.g., magnetite, maghemite) to impart magnetism. 

Moreover, chitosan layer was also coated to enhance heavy metal adsorption 

by widening the active site.

Chitosan modified magnetic kelp biochar (Chi-KBm) was successfully 

synthesized for efficient removal of heavy metals (Cu2+) from wastewater. 

Interestingly, the characterizations results indicated that Chi-KBm showed 6 

times higher surface area (6.17 m2/g) than the pristine magnetic kelp biochar 
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KBm (0.97m2/g). In addition, new functional groups, such as –NH and C–N 

group, have been created on the surface of biochar as a result of chitosan 

modification process, which in turns led to improve the Cu2+ adsorption 

capacity. The effect of pH and chitosan loading on heavy metal adsorption, 

and competition reaction of different metal ions adsorption were also 

investigated. Chi-KBm exhibited a separation efficiency of more than 99.8%, 

which allows to recovery and reusability of the adsorbent material and heavy 

metals simultaneously. Overall, this study highlighted the Chi-KBm is a 

promise adsorbent for heavy metal removal without sacrificing of the 

separation ability using magnetism.

Key words: Marine macro-algae, Biochar, Heavy metal, Adsorption, 

Magnetic separation
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효율적인 중금속 제거와 용이한 자성분리가 동시에 가능한 

키토산과 산화철로 개질된 해조류 흡착제의 개발

손 은 비

한국해양대학교 대학원

토목환경공학과

초록

최근 지속적인 산업발달로 인하여 폐수 배출업소가 증가함에 따라 폐수

발생량이 계속적으로 증가하고 있고 이로 인한 수환경의 오염은 불가피하

다 특히 폐수 배출시 수자원으로 유입되는 중금속은 높은 농도로 존재할 . 

경우 수생태계와 인간에 심각한 영향을 미치므로 중금속 제거기술에 관한 

연구가 많이 이루어지고 있다 수계에서 중금속 이온을 제거하는 방법에는 . 

화학침전 이온 교환 흡착 여과 전기분해 등의 방법이 사용되고 있고 흡, , , , 

착을 이용한 중금속 제거법은 저비용 고효율 처리가 가능하다, .

바이오차 의 중금속 흡착 능력이 우수함에도 불구하고 흡착공정 후 사용, 

된 바이오차를 별도로 분리하기가 어려워서 폐수 처리 공정 적용에 한계

가 있다 이러한 단점을 극복하기 위해. , 본 연구에서는 양식업의 발달에 

따라 부산을 포함한 해안지역에서 대량으로 발생하고 있는 해조류 부산물 

중 다시마와 톳을 모재로 하여 자성을 부여한 자성체 바이오차를 개발했, 

다 또한 활성 부위를 넓힘으로써 중금속 흡착을 향상시키기 위해 키토산 . , 

층을 코팅했다.
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해조류 기반의 바이오차는 풍부한 산소 포함 작용기 등(-COOH, -OH ) 

및 높은 낮은 제타포텐셜 등의 특성을 가지며 중금속 제거능력이 우pH, , 

수했다 키토산 개질 된 자성체 다시마 바이오차 . (Chi-KBm 는 개질하기 전)

의 자성체 다시마 바이오차 (KBm) (0.97 m
2/g 보다 배 더 높은 표면적 ) 6 

(6.17 m2/g 을 가지고 있었다 또한 키토산 개질의 결과로 표면에 ) . , biochar 

와 그룹과 같은 새로운 작용기가 생성되어 NH C-N Cu2+ 흡착 능력이 향상 

되었다. Chi-KBm은 이상의 분리 효율을 나타내어 효과적인 중금속99.8 % 

흡착과 회수를 동시에 가능하게 하였다.

주제어: 해조류 바이오차 중금속 흡착 자성분리, , , , 
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Chapter 1.

Introduction
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1.1. Background and Literature review

Along with China and Japan, Korea is one of the largest countries producing 

marine macro-algae. Marine macro-algae are grown on a large scale for the 

production of food, cosmetics, fertilizers, and chemicals. The production of 

marine macro-algae in Korea has been increasing as ocean cultivation has 

increased, up to 1,351 million tons by 2016. According to a study by the 

National Institute of Fisheries Science in Korea, 5% of the produced marine 

macro-algae are abandoned as waste during the processes of cultivation, 

harvesting, processing and sale. This means that the annual disposal amount of 

algae has reached approximately 68,000 tons in 2016. The Korean government 

has proposed to recycle the wasted algae, but it is difficult to recycle wasted 

algae because their freshness has deteriorated. Therefore, there is a need for 

another way to reuse non-fresh and wasted marine macro-algae.

The rapid developments of industrialization in the 21st century has dramatically 

increased wastewater discharge, containing pollutants such as heavy metal ions 

which pose significant hazards to human health (Khan et al., 2013). Moreover, 

the toxicity of contaminated water has become one of the main threats to public 

health and organisms (Hernandez-Sherrington et al., 2017). Especially, heavy 

metals are non-biodegradable and bio-accumulating substances, which are known 

to be toxic to living organisms even at very low concentrations (Fu and Wang, 

2011; Ju et al., 2009). Among the numerous heavy metals, copper is the most 

predominant and commonly used in industry, and copper ion (Cu2+) is one of 

the most hazardous contaminants because it accumulates in the kidneys and the 

nervous system and has long-term adverse effects on human health. Therefore, 

removal of Cu2+ from the wastewater is essential to protect environmental and 

human health.

Several techniques have been studied to remove Cu2+ from wastewater 



- 3 -

solutions, such as chemical precipitation, ion exchange, membrane filtration, 

chemical oxidation, and adsorption (Barakat, 2011). Among these approaches, 

adsorption has been recognized as the most desirable method of removing heavy 

metals from wastewater due to its advantages such as cost-effectiveness, 

environmental friendliness, and  high adsorption efficiency (Mohan et al., 2015; 

Tan et al., 2015). Therefore, there has been extensive efforts to focus on the 

development of appropriate adsorbent materials to increase the removal of toxic 

contaminants from wastewater (Couto et al., 2017).

Biochar is a porous carbonaceous adsorbent obtained by pyrolysis of organic 

biomass under oxygen-limited conditions. Biochar has recently received 

considerable attention due to its remarkable properties, for example, its low cost, 

environmentally friendly, a wide range of available raw materials, mechanical and 

thermal stability, as well as potential applications in various environmental fields 

(Mohan et al., 2015; Tan et al., 2015). Moreover, its unique properties, such as 

large surface area, high porosity and mineral components, and diverse functional 

groups, make biochar a potential alternative remediation agent for different 

contaminants in the environment, including organic pollutants, heavy metals, and 

possibly nutrients (Xue et al., 2012; Yao et al., 2014). 

 The most commonly used raw materials for biochar manufacturing are 

agricultural wastes such as wood, rice straws, and fruit peel. As the research 

into biochar has been particularly active in recent years, various kinds of raw 

materials have been applied to remove heavy metals. Daily manure (Cantrell et 

al., 2012; Koody ska et al., 2012 ), wastewater sludge (Zhang et al., 2013b), 

micro algae (Bird et al., 2011), and marine macro-algae (Jung et al., 2016; Kim 

et al., 2016) represent some examples of these raw materials. Among them, 

according to our preliminary work, marine macro-algae has a relatively high pH 

and more oxygen-containing functional groups on the biochar surface, which 

suggests it is beneficial for the removal of cationic heavy metals.
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1.2. Scope and contents

The scope and contents of this study consist of 3 parts for achieving the thesis 

purpose, and they are as follows:

(1) Biochars derived from wasted marine macro-algae (Saccharina japonica and 

Sargassum fusiforme) and their potential for heavy metal removal in aqueous 

solution

In order to remove heavy metals, biochars were developed using marine 

macro-algae (kelp and hijikia) as a raw material. Biochars were produced by 

pyrolysis in a furnace under oxygen limited conditions and N2 gas was flowed 

at 2500 ml/min to prevent ignition in the furnace. The heating rate was 7 

°C/min. The pyrolysis temperature was varied from 250 to 700 °C to evaluate 

the optimal conditions for the effective removal of heavy metals. The physical 

properties such as yield, pH, element composition and chemical properties such 

as functional groups, as well as heave metal adsorption ability were evaluated 

according to the temperature. As a control, pinewood sawdust biochar, common 

used biochar, was also prepared according to the same manufacture conditions. 

(2) Heavy metal removal from aqueous solutions using engineered magnetic 

biochars derived from waste marine macro-algal biomass

Iron oxide particles (Fe2O3, -Feγ 2O3, and Fe3O4) were doped onto the pristine 

biochars’ surface in order to overcome the disadvantages (low separability) of 

common powder type biochar and to improve the applicability to wastewater 

treatment. The magnetism was imposed by pyrolysis method through 

pre-treatment with FeCl3 solution. To determine the effect of  heavy metals 

adsorption and separation ability, magnetic biochars were manufactured under 

various iron loading solution conditions from 0.01 to 0.1 mol/L.
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(3) A novel approach to developing a reusable marine macro-algae adsorbent 

with chitosan and ferric oxide for simultaneous efficient heavy metal removal 

and easy magnetic separation

Chitosan modified magnetic biochar was synthesized using a step-by-step 

method: (1) preparation of the raw materials, (2) deposition of iron oxide 

particles as a magnetic agent on the surface of biochar, and (3) coating of a 

thin chitosan layer on the surface of the magnetic biochar. The effect of 

chitosan coating on biochar surface on the heavy metals adsorption capacity and 

separation was investigated by changing the loading of chitosan (0.1-1.0 

g-chitosan/g-biochar) and iron concentration (0.01-1.1 mol/L). Moreover, Various 

solutions with different pH levels (adjusted with 0.1 M HCl and 0.1 M NaOH) 

were also prepared to investigate the effect of pH on the adsorption capacity.
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Chapter 2.

Biochars derived from wasted marine macro-algae 

(Saccharina japonica and Sargassum fusiforme) and 

their potential for heavy metal removal in aqueous 

solution
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2.1. Introduction

Alongside China and Japan, Korea is one of the largest marine algae-producing 

countries. Marine macro-algae are cultured on a large scale for food, cosmetics, 

fertilizers, and chemical production. The amount of marine algae produced in 

Korea has been increasing as ocean farming has increased, up to 1,351 million 

tons in 2016. According to research conducted by the National Institute of 

Fisheries Science in Korea, 5% of the marine algae produced during cultivation, 

harvesting, processing and selling processes is discarded as waste. This means 

that the annual disposal amount of algae has reached nearly 68,000 tons in 

2016. The Korean government has proposed recycling the wasted algae as animal 

feedstuffs or raw materials for medicines and cosmetics, but they are difficult to 

reuse when their freshness has deteriorated. Therefore, another method is needed 

to reuse non-fresh, wasted marine macro-algae.

In recent years, using marine macro-algae for biochar production has received 

increasing research attention because of their easy cultivation and high production 

rates (Bird et al., 2011b; Jung et al., 2016; Park et al., 2016; Roberts and de 

Nys, 2016). Saccharina japonica (S. japonica) and Sargassum fusiforme (S. 

fusiforme),both classified as brown algae based on their photosynthetic 

pigmentation properties, are commonly consumed marine macro-algae in Korea. 

They contain a relatively large amount of carbohydrates and essential minerals, 

such as calcium, iron, and magnesium (Bird et al., 2011a). To our knowledge, 

biochars derived from the marine macro-algae S. japonica and S. fusiforme have 

not been documented in terms of their capacity for removing heavy metals from 

aqueous solutions. 

Heavy metals have become a great environmental concern due to their 

significant toxic effects on human beings and other living organisms, even at 

low concentrations (Mohan et al., 2014a; Regmi et al., 2012). They are usually 
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introduced into the environment from a number of industrial sources, such as 

batteries and the metal manufacturing, metal plating, and mining industries (Fu 

and Wang, 2011). They are known to be non-biodegradable and to accumulate 

in living organisms, aggravating their detrimental impact on the environment. 

Among heavy metals, cadmium, lead, zinc, nickel, copper, mercury, and 

chromium are considered to be the most hazardous, and therefore require 

treatment before being discharged into the environment. Frequently used methods 

for removing heavy metals from wastewater include chemical precipitation, ion 

exchange, adsorption, membrane filtration, and electro-chemical treatment 

technologies (Fu and Wang, 2011; Li et al., 2013; Regmi et al., 2012). Among 

these methods, adsorption-based processes are now recognized as both highly 

effective and efficient for treating wastewater containing heavy metals (Mandal et 

al., 2017). In recent years, much research attention has been given to using 

biochar as an adsorbent for heavy metal removal insofar as it is a less 

expensive and efficient alternative to activated carbon (Ahmed et al., 2016;

Alhashimi and Aktas, 2017; Jung et al., 2016; Tan et al., 2017).

Biochar is an extremely stable black carbon usually produced by the thermal 

decomposition of biomass under oxygen-limited conditions. The most general 

feedstocks for biochar are lignocellulosic materials such as agricultural crop 

residues, agricultural by-products (wastes) or forestry biomass because they are 

abundant and easily obtainable. Biochars derived from various types of biomass, 

including woody materials, agricultural residues, and animal wastes, have been 

examined in terms of their potential to remove heavy metals from aqueous 

solution. Biochars produced from an energy crop, Miscanthus saccharifloras, 

effectively removed Cd in aqueous solution, resulting in a significant reduction 

of the acute toxicity of the compound (Kim et al., 2013). Biochars derived from 

hardwood and corn straw used to remove Cu (II) and Zn (II) in aqueous 

solution (Chen et al., 2011). Both biochars produced from the agricultural wastes 

effectively eliminated the metals from the aqueous solution. Biochars converted 
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from digested dairy waste and whole sugar beets showed great lead adsorption 

capacity comparable to that of commercially activated carbons (Inyang et al., 

2012).

The primary objective of this study was thus to investigate characteristics of 

biochars derived from these two marine macro-algae and to evaluate their 

potential for removing heavy metals from aqueous solutions. In this study, 

physical, chemical, and morphological characteristics of biochars derived from the 

two marine macro-algae at five different temperatures were investigated. 

Subsequently, the capacity of these marine macro-algae biochars (MMAB) to 

adsorb copper, zinc, and cadmium in aqueous solution was also evaluated.
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2.2. Materials and Methods

2.2.1 Preparation of biochars

Figure 2.1 shows the procedure for manufacturing biochars. S. japonica and S. 

fusiforme were obtained from a local fish market (Busan, Korea), washed 

sufficiently with tap water to remove salt, dried naturally for 24 hours, and then 

dried in a dry-oven for more than three hours. After drying, they were ground 

using a grinder. Pine sawdust, which was adopted as a lignocellulosic material 

(Aghababaei et al., 2017; Jiang et al., 2016) to compare with the marine 

macro-algae, was obtained from a South Korean company and dried for 24 hours 

in a dry-oven. The three dried feedstocks were sieved with 0.18 and 1.7 mm 

sieves, and particle sizes between 0.18 ~ 1.7 mm were prepared to make 

biochar.

Prepared feedstocks were transferred into 50-mL porcelain crucible and then 

pyrolyzed in a closed furnace (Nabertherm, Germany). Before and during the 

pyrolysis, N2 gas was fluxed at 2,500 ml/min to prevent ignition in the furnace. 

The heating rate was 7°C/min and the pyrolysis temperature was 250, 400, 500, 

600, and 700°C for two hours. After pyrolysis, N2 gas was allowed to flow 

continuously to avoid ignition until the temperature of the furnace dropped below 

100°C. For convenience, S. japonica biochar, S. fusiforme biochar, and pinewood 

sawdust biochar were designated as SJB, SFB, and PSB, respectively, with their 

pyrolysis temperatures. For example, S. japonica biochar pyrolyzed at 500°C was 

named SJB-500.
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Fig. 2.1. Manufacturing procedure of biochars.

2.2.2 Characterization of biochars

The pH was measured by a pH meter (iSTEK CP500L, Korea) for 2 g of 

biochar dispersed in 20 mL of deionized water (1w:10v) and shaken for 30 

minutes. Elemental analysis of C, H, N, S, and O was conducted with an 

elemental analyzer (Elementar Vario-Micro cube, Germany). SEM micrographs 

were obtained using a scanning electron microscope (Hitachi SU-70, Japan) 

coupled with energy-dispersive X-ray spectroscopy. BET surface area (SBET) was 

determined using an automated N2 a dsorption analyzer (Micromeritics ASAP 

2020N, US). Infrared spectra were recorded using an FT-IR spectrometer (Bruker 

Vertex 80V, US). The scans were carried out for each sample in the range of 

4000 400 cm– -1 with a resolution of 4cm-1.

2.2.3 Batch adsorption experiments

Two types of adsorption tests were carried out. The first was to determine the 

best biochar material for adsorbing heavy metals, while the second was to assess 

the maximum adsorption capacities of MMABs. The heavy metal adsorption 
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experiments were performed using batch tests.

To screen optimum feedstocks and pyrolysis temperatures, heavy metal 

adsorption experiments were carried out on 15 different biochars with three 

feedstocks at five different pyrolysis temperatures. A stock solution (the 

concentration of Cu2+, Cd2+, and Zn2+ was each 500 mg/l) was prepared by 

dissolving CuCl2·2H2O, CdCl2·2.5H2O, and ZnCl2 in distilled water. Two grams 

of biochar and 40 ml of stock solution were mixed and shaken for 30 minutes 

in a shaker, followed by filtration using a 0.45-um syringe filter. The 

concentrations of heavy metals in the stock solution and the filtrate were diluted 

with 1% HNO3 and measured by Inductively Coupled Plasma (ICP, PerkinElmer 

Optical Emission Spectrometer Optima 8300, USA).

For the test to assess the maximum adsorption capacities of SJB and SFB, 

1,500 mg/L of Cu2+, Cd2+, and Zn2+ stock solution was applied. A mixture of 30 

ml of stock solution and 0.5 g of biochar had a 24-hour equilibrium time in the 

shaker at room temperature for the entire reaction. The following process is the 

same as that described above. 

The heavy metal removal efficiency (R) and removal capacity (Q) were 

calculated according to equations (1) and (2):

 

   
× (1)

  

 
× (2)

where Q is the adsorption amount of heavy metal per unit weight of biochar 

(mg/g) at time t, R is the removal efficiency of heavy metal (%) at time t, C0 

and Ct is the concentration of heavy metal (mg/L) at onset and time t, 

respectively, M is the weight of the biochar sample (g), and V is the volume of 

the solution (L).



- 13 -

2.3. Results and Discussion

2.3.1 Biochar properties

2.3.1.1 Yields

Yields of biochars produced at different temperatures are summarized on Table 

2.1. Yields of all tested biochars decreased as the temperature increased up to 

the maximum pyrolysis temperature as consistent with previous studies (Amonette 

and Joseph, 2009; Jung et al., 2016). The yields of both marine macro-algae 

biochars were higher than that of PSB pyrolyzed at the same temperature except 

at a temperature of 250°C. At 250°C, the yields were higher in order of PSB, 

SJB and SFB. However, the orders were reversed at the other temperatures. For 

example, yield of PSB, SJB and SFB at a pyrolysis temperature of 500°C was 

26.2, 32.4 and 38.2%, respectively. This result was occurred probably due to the 

difference in the oxygen composition of the biomasses after pyrolysis. 

The general biomass consists mainly of hemicellulose, cellulose, and lignin, 

and their pyrolysis processes were investigated (Kan et al., 2016). The 

decomposition of hemicellulose occurs at 250°C to 350°C, where the greatest 

amount of biomass is reduced. At 325°C to 400°C, cellulose decomposition 

occurs. Lignin decomposes at the highest temperature range of 300°C to 550°C. 

Therefore, the pyrolysis temperature is higher, the degradation of the biomass is 

higher, so the yield becomes lower. As described above, since the composition 

of the biomass differs depending on the raw material, the yield of biochar varies 

depending on the pyrolysis temperature.

The pine sawdust is lignocellulosic material, and its main components are 

hemicellulose, cellulose, and lignin. Pyrolysis of lignin results in phenolic volatile 

components, which easily volatilize in the gaseous phase during pyrolysis. In 

general, the content of lignin is 20~40% of the dry base for woods (Sharma et 
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al., 2014), while the presence of lignin in macro-algae has not been confirmed 

yet (Martone et al., 2009). The main reason for the lower weight loss of marine 

macro-algae after pyrolysis is probably due to the fact that the lignin content 

was lower than that in lignocellulosic materials, so lesser volatilization (i.e., 

lesser weight loss) of biomass occurred.

Higher yield indicates that the weight loss during pyrolysis is smaller, and the 

more amount of biochar can be obtained after pyrolysis. Therefore, the marine 

macro-algae can produce more biochar than the woody materials when pyrolyzing 

same amount of biomass, indicating an increased economic viability.

Table 2.1. Yields of biochars produced at different temperatures.

Biochars
Pyrolysis temperature (°C)

250 400 500 600 700

SJB 47.1 ± 1.5 37.3 ± 0.5 31.5 ± 0.1 29.7 ± 0.3 25.9 ± 0.1

SFB 58.4 ± 0.6 44.6 ± 0.2 38.3 ± 0.3 35.0 ± 0.6 32.8 ± 0.1

PSB 77.5 ± 0.2 34.3 ± 1.0 24.4 ± 0.1 25.4 ± 0.4 22.4 ± 0.2

2.3.1.2  The pH 

In general, it has been reported that the pH increases as the pyrolysis 

temperature increases (Angın, 2013; Cantrell et al., 2012; Wang and Liu, 2017). 

Around 200 ~ 300°C, cellulose decomposes and produces organic acids and 

phenolic substances. However, beyond 300°C, alkali salts separate from the 

organic matrix and increase the pH (Abe et al., 1998). Also, in this experiment, 

the pH for the three materials tended to increase as the pyrolysis temperature 

increased (Table 2.2). The pH of PSB was between 4.9 and 5.5 through all 

pyrolysis temperatures, while the pH of SJB was varied between 10.5 and 11.3 

at over 400°C. In the case of SFB, the pH gradually increased from 250°C to 

600°C but sharply increased to 12.14 at 700°C, indicating strong alkalinity. It 

was confirmed that MMABs prepared at over 400°C showed basicity.
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S. Japonica (Kelp) contains several minerals, such as calcium (Ca), magnesium 

(Mg) and sodium (Na). According to the National Nutrient Database of the 

United States Department of Agriculture (USDA), the contents of Ca, Mg, and 

Na in kelp are 168, 121, and 233 mg per 100g of biomass, respectively. 

However, wood contains trace elements of iron, manganese, zinc, copper, and 

some heavy metals, although it depends of the species of wood (Misra, 1993). 

These minerals are converted to hydroxides such as Ca(OH)2, Mg(OH)2, and 

NaOH in the biochar manufacturing process, and the biochar becomes alkaline. 

Therefore, the high pH of marine macro-algae is result of its high mineral 

content, and the hydroxides combine with heavy metal ions in aqueous solution 

to induce heavy metal precipitation.

Table 2.2. pH and elemental properties of marine macro-algae and pine sawdust 

biochars produced at different temperatures.

Biochars pH
Elemental composition

(wt. % on a dry basis)
H/C

molar ratio

O/C

molar ratioC H N S O
SJ-Raw - 33.3 4.7 1.6 16.8 43.6 0.14 1.31
SJB-250 4.86 57.6 5.2 2.9 0.9 33.4 0.09 0.58
SJB-400 10.50 62.3 4.3 2.9 1.3 29.1 0.07 0.47
SJB-500 11.29 62.3 2.1 2.7 1.6 31.3 0.03 0.50
SJB-600 11.31 61.9 1.2 2.7 1.7 32.5 0.02 0.53
SJB-700 10.92 56.5 1.1 1.8 1.9 38.7 0.02 0.68
SF-Raw - 31.7 4.0 1.2 21.4 41.7 0.13 1.32
SFB-250 6.77 59.0 4.5 2.7 1.3 32.6 0.08 0.55
SFB-400 7.40 60.8 3.7 2.4 1.9 31.3 0.06 0.52
SFB-500 8.01 64.9 2.2 2.4 2.1 28.4 0.03 0.44
SFB-600 9.65 67.4 1.2 2.2 2.8 26.4 0.02 0.39
SFB-700 12.14 66.3 1.0 1.9 3.1 27.6 0.01 0.42
PS-Raw - 45.5 5.8 0.0 1.5 47.2 0.13 1.04
PSB-250 4.88 54.5 5.9 0.1 0.2 39.3 0.11 0.72
PSB-400 4.90 81.6 3.5 0.3 0.1 14.5 0.04 0.18
PSB-500 4.46 87.4 2.8 0.4 0.1 9.4 0.03 0.11
PSB-600 5.45 94.9 2.1 0.5 0.1 2.4 0.02 0.03
PSB-700 5.52 96.2 1.2 0.6 0.1 1.9 0.01 0.02
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2.3.1.3 Morphology and specific surface area

Figure 2.2 shows SEM images of the three feedstocks and biochars pyrolyzed 

at the different temperatures. For PSB, the number of pores increased but the 

pore size decreased with increasing pyrolysis temperatures. Meanwhile, SJB had 

a honeycomb structure on its surface at 250°C. As the pyrolysis temperature 

increased and carbonization progressed, the honeycomb structure collapsed and 

the pore size increased. Pores greater than 200 m were observed at 700°C. A μ

similar result was observed in Hammes’s research, where the biochar walls 

produced at above 900°C deteriorated and the pore size became larger (Hammes 

et al., 2008). SFB showed no uniform pore distribution at all pyrolysis 

temperatures, but its surface roughness increased with increasing pyrolysis 

temperatures.

Fig. 2.2. SEM images (×1,000) of pinewood sawdust, S. japonica, and S. 

fusiforme, and their biochars at different pyrolysis temperatures.
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The specific surface area of each biochar was measured using the 

Brunauer-Emmett-Teller (BET) technique. The specific surface areas were almost 

zero for the feedstocks and tended to increase with increasing pyrolysis 

temperatures, although there was a difference in scale (Fig. 2.3). The specific 

surface area of PSB was only 13.5 m  2/g at 400°C and sharply increased to 

364.5 m2/g at 400°C and sharply increased to 364.5 m2/g at 700°C. The specific 

surface areas of SJB and SFB also showed a tendency to increase in size 

depending on pyrolysis temperature, but not nearly to the extent demonstrated by 

PSB: The highest specific surface areas of SJB and SFB were only 0.6 m2/g at 

600°C and 1.3 m2/g at 700°C, respectively. In other words, the specific surface 

areas of marine macro-algae biochars were at least 320 times smaller than that 

of PSB. The reason is related to the high lignin content in PSB. The lignin of 

PSB is volatilized during pyrolysis and forms micro-pores. Therefore, the specific 

surface area increases due to the formation of micro-pores, which increase in 

proportion to the increasing pyrolysis temperature.  It could thus be assumed that 

the adsorption capacity of marine macro-algae biochars would not be positively 

affected by the specific surface areas.

Fig. 2.3. Specific surface areas of biochars at different pyrolysis temperatures 

(SJB and SFB: left axis; PSB: right axis).
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2.3.1.4 Elemental compositions

The results of elemental analysis was shown on Table 2.2. S. japonica and S. 

fusiforme had a much lower carbon content than pinewood sawdust (33.3% and 

31.7%, respectively, versus 45.5%), 10~15% lower hydrogen and oxygen content, 

and a higher nitrogen content (1.6 % and 1.2 %, respectively, versus 0%). 

Moreover, the two marine macro-algae had a much higher sulphur content 

relative to pinewood sawdust (16.8% and 21.4%, respectively, versus 1.5%). 

The carbon content in PSB increased as the pyrolysis temperature increased, 

reaching its highest (96.2%) at 700°C. The carbon content in both MMABs 

increased greatly at the lowest pyrolysis temperature, and then increased quite 

moderately with increasing pyrolysis temperatures as compared to PSB. In 

general, carbon content is observed to be high in biochars derived from woody 

biomasses composed of a large amount of lignocellulosic compounds (Amonette 

and Joseph, 2009). The nitrogen content of both marine macro-algae biochars 

was in the range of 1.2% to 2.9%, which was a little higher than that of PSB 

(0.1% to 0.6%). The pyrolysis temperature did not affect the nitrogen content of 

the biochars examined in this study to any great extent. The sulfur content of 

the MMABs significantly decreased when carbonization occurred, even at the 

lowest pyrolysis temperature. 

An interesting observation was made in terms of oxygen content. As the 

pyrolysis temperature increased, the oxygen content of PSB decreased from 

47.2% to 1.9%, while the oxygen content of SJB and SFB decreased from 

43.6% to 38.7% and 41.7% to 26.4%, respectively. In terms of O/C (molar ratio 

of oxygen to carbon), the O/C of PSB decreased as the pyrolysis temperature 

increased, from 1.04 to 0.02. However, the O/C of SJB was the highest at 

700°C, with a value of 0.68. The O/C of SFB also tended to decrease as the 

pyrolysis temperature increased, but the lowest value was 0.39 at 600°C, which 

was more than 10 times higher than the O/C of PSB. The different chemical 
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compositions of the biomasses likely contributed to the different characteristics of 

the pyrolysis products observed according to the biomass type. 

2.3.1.5 Surface functional groups

Figure 2.4 presents the Fourier transform infrared (FT-IR) spectroscopies of 

three feedstocks and biochars pyrolyzed at 500°C. FT-IR demonstrates qualitative 

differences in the functional groups on biochar surfaces. The differences in these 

surface functional groups are known to be due to the type of feedstock and the 

pyrolysis temperature (Qambrani et al., 2017). All materials peaked at 3420 3400 –

cm-1, which represents O-H stretching of the hydroxyl groups from alcohols, 

phenols, and organic acids. This peak was shown to decrease gradually in 

biochars as the pyrolysis temperature increased (Wang and Liu, 2017), and the 

results of this study were no different in this regard. However, MMABs showed 

a clearer peak at 500°C than that of the feedstock. Furthermore, the O-H 

stretching of PSB disappeared at 700°C, while the peak of SJB and SFB still 

existed. At 1685 1735 cm– -1, the peaks indicating aldehyde and ketone with C=O 

stretching appeared in the pinewood sawdust and PSB but not in the marine 

macro-algae biochars. The peak around 1580 cm-1, which appeared after 

pyrolysis, was also C=O stretching and could be carboxylic acids or a nitrogen 

derivate. The peaks of 1400 1450 cm– -1, which were C=C stretching, became 

bigger as the pyrolysis temperature increased. The peaks of 1040 1250 cm– -1 

were C-O bonds, representing alcohols, esters, ethers, and phenols. This peak of 

PSB was also weakened with increasing pyrolysis temperatures, while the peak 

of MMABs definitely remained at 700°C. Peaks appearing at 1000 cm-1 or less 

represented various aromatic or vinyl C-H bonds. The C-H bonding position 

varied depending on the feedstocks, but it was obvious that the peaks grew 

bigger and sharper as the pyrolysis temperature increased. 

It was observed that the surface functional group changed depending on the 
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pyrolysis temperature, and it is necessary to pay attention to the change of the 

oxygen-containing functional groups at different temperatures. Recent studies 

showed that carboxyl groups in oxygen-containing functional groups were 

important factors in characterizing biochar (Yu et al., 2017). Cellulose in the 

biomass changed to carboxyl groups or esters, oxygen-containing functional 

groups on the surface, during pyrolysis. However, the carbonization of the 

carboxyl groups proceeded above a certain temperature, the oxygen-containing 

functional groups disappeared, and the carbon bonds increased. Because carboxyl 

groups were active sites for the adsorption of heavy metals, it is important to 

determine the appropriate pyrolysis temperature at which oxygen-containing 

functional groups abundantly exist. The peaks of the oxygen-containing functional 

groups of MMABs, which appeared strongly after pyrolysis, could contribute to 

adsorb heavy metals.

Fig. 2.4. FT-IR spectra of three feedstocks and their biochars pyrolyzed at 500°C 

(Oxygen-containing functional groups, such as O-H, C=O, and C-O stretching, 

are highlighted.).
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2.3.2 Comparison of heavy metal adsorption capacities

2.3.2.1 Adsorption capacities at different pyrolysis temperatures

Copper, cadmium, and zinc were selected as the target heavy metals due to 

their toxicity and detection frequency in domestic wastewater (Kołodyńska et al., 

2017). These metals have been detected together, so the test solutions were 

prepared by mixing them at respective concentrations of 500 mg/L. Figure 2.5 

shows the results of the heavy metal removal test in terms of removal 

efficiency. 

In the case of PSB, the removal efficiency of heavy metals increased as the 

pyrolysis temperature increased. The removal efficiencies of Cu2+, Cd2+, and Zn2+ 

via PSB increased from 10.35%, 3.99%, and 6.24% at 250°C to 81.25%, 

46.36%, and 46.59% at 700°C, respectively. The removal efficiencies of Cu2+, 

Cd2+, and Zn2+ via SJB-250 were 70.79%, 69.34%, and 63.45%, respectively. 

SJB produced at over 400°C had a remarkable heavy metal removal capacity, 

with removal efficiencies of more than 98% for all heavy metals. In the case of 

SFB, removal efficiencies of Cu2+ from biochar produced at 400 ~ 600°C were 

more than 97%, but decreased by 87.6% at 700°C. The maximum removal 

efficiencies of Cd2+ and Zn2+ via SFB were 88% at 700°C and 90% at 600°C, 

respectively. Generally, heavy metal removal efficiencies increased as the 

pyrolysis temperature increased, but the removal efficiencies of Cu2+ and Zn2+ 

via SFB were higher at 600°C than 700°C. This could be because of the pH of 

the SFB produced at 700°C, which rapidly increased to 12.1 from 7.6 at 600°C. 

According to the heavy metal solubility curves on pH variation (M and Haynes, 

2016), the solubility of Cd2+ begins to increase from a pH of 11. Therefore, it 

can be argued that heavy metal ions are dissolved into ionic form at the test of 

SFB-700 as the solubility of Cu2+ and Zn2+ increases with a high pH.

This result demonstrates that MMABs have an excellent removal capacity for 
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mixed heavy metal solutions with Cu2+, Cd2+, and Zn2+ compared to the woody 

biochar. Between SJB and SFB, SJB was more suitable for mixed contaminants, 

while SFB had a selective removal capacity for Cu2+.

Fig. 2.5. Comparison of (a) copper, (b) cadmium, and (c) zinc removal 

efficiencies by different feedstocks and pyrolysis temperatures (biochar dose is 2 

g/L and initial concentrations of Cu2+, Cd2+, and Zn2+ are each 500 mg/L).
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2.3.2.2 Heavy metal removal mechanisms

There are several studies describing the heavy metal removal 

mechanisms of biochar (Ahmad et al., 2014; Inyang et al., 2016; Jiang et 

al., 2016; Li et al., 2017; Mohan et al., 2014b; Qambrani et al., 2017; 

Wang and Liu, 2017). The mechanisms can be summarized as follows: 

(1) Precipitation: PO3
2 − and CO3

2– play an important role for 

precipitation. Also, the high pH value of biochar could promote 

precipitation with hydroxide production. (2) Cation exchange: Cations such 

as Ca2+, Mg2+, K+, or Na+ in biochar could be exchanged with heavy 

metal ions. (3) Electrostatic interaction: Negative charges on the biochar 

surface could interact with positively charged heavy metals. (4) Physical 

adsorption with metal reduction: Physical adsorption is a function of the 

surface area and pore structures. (5) Complexation: The oxygen functional 

groups (O-H, C-O, and C=O) on the biochar surface could generate 

complexation with heavy metals.

Among these mechanisms, precipitation and complexation could explain 

the high heavy metal removal efficiency of MMABs because they have a 

higher pH than woody biochars and retain oxygen functional groups (O-H 

and C-O) even at high pyrolysis temperatures. Physical adsorption was 

disregarded as the main mechanism due to the low specific surface area 

of marine macro-algae biochars. Cation exchange could be one of the 

mechanisms for adsorbing metal because it is well known that marine 

macro-algae are rich in minerals. To verify this, additional mineral 

analysis is required for further study. 
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2.3.2.3 Determination of maximum adsorption capacities of MMABs

Through the previous experiment with the mixed heavy metal solution of 500 

mg/L, the maximum heavy metal removal capacities of PSB were determined to 

8.86 mg Cu2+/g, 5.04 mg Cd2+/g and 5.15 mg Zn2+/g at 700°C. However, the 

maximum heavy metal removal capacities of SJB and SFB could not reveal 

because some cases reached 100% removal efficiency, such as Cu2+ removal 

efficiency via SJB and SFB at 500°C. To establish the maximum removal 

capacities, higher concentrations of stock solutions were made: 1,500 mg/L of 

each heavy metal. Experiments were conducted only on SJB and SFB 

manufactured at 500, 600 and 700°C, each of which showed excellent removal 

efficiencies for the three heavy metals (Fig. 2.6). After the equilibrium time of 

24 hours, the pH of the solutions were in the range of 6.23 ~ 7.01 so that the 

possibility of heavy metal removal by pH could be minimized. 

Cu2+ showed similar removal capacities in six biochars, with a minimum of 

93.2 mg/g (SJB-600) and a maximum of 98.6 mg/g (SJB-500). The removal 

capacity of Cd2+ and Zn2+ increased as the pyrolysis temperature increased, and 

the removal capacity of Zn2+ via SFB was slightly lower than that via SJB, 

unlike with other heavy metals. The maximum removal capacity of Cd2+ and 

Zn2+ was 60.7 mg/g and 84.3 mg/g, respectively, via SJB-700. 

Cu2+ had relatively higher adsorption capacities than Cd2+ and Zn2+ for all 

MMABs. Mohapatra reported that the selectivity of heavy metals for adsorbents 

was determined by ionic radius, atomic weight, and electronegativity (Mohapatra 

and Anand, 2010). Among the heavy metals applied to this experiments, Cu2+ 

has the lowest atomic weight (Cu2+<Zn2+<Cd2+) and the highest electronegativity 

(Cu2+>Cd2+>Zn2+). The high selectivity of copper to adsorbents could result from 

these properties.
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Fig. 2.6. Comparison of heavy metal removal capacities of marine macro-algae 

biochars produced at 500, 600, and 700°C (biochar dose is 0.5 g/L and initial 

concentrations of Cu2+, Cd2+, and Zn2+ are each 1,500 mg/L).

Table 2.3 shows a comparison of heavy metal removal capacities in this and 

other studies (Arán et al., 2016; Chen et al., 2011; Kołodyńska et al., 2012; Li 

et al., 2013; Regmi et al., 2012; Xu et al., 2013). In the case of Cu2+, the 

adsorption capacities of SJB and SFB in this study were the highest. A similar 

removal capacity was found in Kolodynska's study, which used a biochar derived 

from a pig and cow manure of 94.7 mg/g biochar. Cd2+ removal attained the 

highest value with the manure biochar, which was 122.1 mg/g biochar. The 

SJB-700 produced in this study attained the second-highest value, and it was 

confirmed that it had a relatively high removal efficiency. In terms of Zn2+, 

SJB-700 showed the highest removal capacity, and the manure biochar showed 

similar values. When compared with other studies, it was confirmed that SJB 

and SFB were excellent adsorbents in the removal of heavy metals. 
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Table 2.3. Comparison of heavy metal removal capacities of biochars with other 

studies.

* Maximum metal removal capacity

Feedstock
Pyrolysis temp. 

(°C)

Qm*

(mg/g)
Reference

Cu S. japonica 500 98.6 this study
S. fusiforme 600 94.1 this study
pinewood sawdust 700 8.9 this study
pig and cow manure 600 94.7 (Kołodyńska et al., 2012)
rice husk 300 ~ 400 44.5 (Arán et al., 2016)
corn straw 600 12.5 (Chen et al., 2011)

Cd S. japonica 700 60.7 this study
S. fusiforme 700 37.2 this study
pinewood sawdust 700 5.0 this study
pig and cow manure 600 122.1 (Kołodyńska et al., 2012)
switchgrass 300 31.0 (Regmi et al., 2012)
Buffalo weed 700 11.6 (Yakkala et al., 2013)

Zn S. japonica 700 84.3 this study
S. fusiforme 700 43.0 this study
pinewood sawdust 700 5.2 this study
pig and cow manure 600 80.9 (Kołodyńska et al., 2012)
corn straw 600 11.0 (Chen et al., 2011)
hard wood 600 4.5 (Chen et al., 2011)
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2.4. Conclusions

This study showed that marine macro-algae biochars (MMABs) had better 

heavy metal removal capacities than woody biochar (PSB). The removal 

capacities of SJB were about 11 times higher for Cu2+, 12 times for Cd2+, and 

16 times for Zn2+ than PSB. The specific surface areas of   MMABs were 320 

times lower than that of PSB due to the low lignin contents of MMABs, but 

this was economically advantageous because it led to higher yields for MMABs. 

Additionally, the relatively higher pH and oxygen-containing functional groups of 

the marine macro-algae after pyrolysis resulted in the MMABs producing higher 

heavy metal removal capacities at 400°C than PSB produced at 700°C.

Marine macro-algae is a raw material used in high value-added industries such 

as food, cosmetics, and pharmaceuticals, but a large amount is discharged as 

waste due to their perishable nature. The application of this material as biochar 

is not greatly affected by freshness, so it is an optimal method for recycling 

marine algae. In conclusion, this research confirmed that the use of marine 

macro-algae as a heavy metal adsorbent was suitable not only for the removal of 

heavy metals, but also in terms of resource recycling and energy efficiency.
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Chapter 3.

Heavy metal removal from aqueous solutions using 

engineered magnetic biochars derived from waste 

marine macro-algal biomass
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3.1. Introduction

Biochar is a porous carbonaceous material derived from pyrolyzing organic 

biomass under oxygen-limited conditions. Biochar has attracted considerable 

attention in recent years due to its notable properties, for example, its low cost, 

eco-friendliness, and the wide range of available feedstock materials, as well as 

mechanical and thermal stability, which facilitate the application of biochar in 

many environmental areas (Mohan et al., 2015; Tan et al., 2015). Recently, the 

removal of heavy metals has become a key area of research interest in relation 

to the potential of biochar for wastewater remediation. Due to the rapid 

development of industries, heavy metals are gradually discharged into the 

environment. Moreover, heavy metals are non-biodegradable and bio-accumulating 

substances, which are known to be toxic to living organisms even at very low 

concentrations (Fu and Wang, 2011; Ju et al., 2009). Hence, heavy metal 

removal is necessary.

In many previous studies, biochar exhibited great potential for heavy metals 

adsorption in wastewater due to the presence of a highly porous structure and 

diverse functional groups (Li et al., 2017; Lu et al., 2012). For example, various 

biochars derived from sawdust (Kaczala et al., 2009), peanut shells (Zhang et al., 

2015), and energy cane (Mohan et al., 2015) have previously been studied as 

sorbents to remove heavy metals.  The most commonly used feedstock materials 

for biochar are agricultural wastes such as wood, rice straws, and fruit peel. As 

the research into biochar has been particularly active in recent years, various 

kinds of raw materials have been applied to remove heavy metals. Daily manure 

(Cantrell et al., 2012; Ko ody ska et al., 2012ﾳ  ), wastewater sludge (Zhang et al., 

2013b), micro algae (Bird et al., 2011), and marine macro-algae (Jung et al., 

2016; Kim et al., 2016) represent some examples of these raw materials. Among 

them, according to our preliminary work, marine macro-algae has a relatively 
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high pH and more oxygen-containing functional groups on the biochar surface, 

which suggests it is beneficial for the removal of cationic heavy metals.

Despite the good sorption ability of biochar, powdered biochars are difficult to 

separate from the aqueous solution when applied in the wastewater treatment 

process due to the small particle sizes and lower density (Chen et al., 2011a). 

Not only biochars but also many adsorbents such as activated carbon (Ai et al., 

2010) and zeolite (Mthombeni et al., 2015) have difficulties in use due to the 

same reasons. To overcome this disadvantage, several trials have been performed 

to modify adsorbents with magnetic materials so as to achieve better separation 

after use (Ifthikar et al., 2017; Mohan et al., 2014; Trakal et al., 2016). 

However, many investigations of magnetic biochars have been biased toward the 

study of anionic heavy metals and organic materials in order to emphasize the 

adsorption ability of biochars, whereas studies concerning cationic heavy metals 

adsorption are lacking. Therefore, it is necessary to evaluate the effect of 

magnetic loading on biochar in terms of the cationic heavy metals adsorption 

capacity as well as to determine the optimum production conditions for magnetic 

biochar with regard to cationic heavy metal removal and biochar recovery after 

use.

In this study, a new type of magnetic biochar was developed using wasted 

marine macro-algae. The base carbonaceous materials used in the study were 

wasted kelp and hijikia, which is a common seaweed found in South Korea that 

causes waste problems, while iron oxide particles (Fe2O3, -Fe2O3, and Fe3O4) 

were doped onto the pristine biochar surface in order to impart magnetism. The 

iron oxides were doped onto the biochars in order to improve the recovery and 

reuse potential after adsorption without sacrificing the heavy metal adsorption 

efficiency. Cationic heavy metals such as copper, cadmium, and zinc were 

selected as the target substances for removal in this study. This study aims to 

(1) produce magnetic biochars with iron oxides using wasted kelp and hijikia, 
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(2) evaluate the properties and adsorption capability of the magnetic biochars, 

and (3) optimize the manufacturing condition for the magnetic biochars in terms 

of the cationic heavy metals adsorption ability and used magnetic biochar 

recovery.
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3.2. Materials and Methods

3.2.1. Manufacture of magnetic algae biochars

In order to evaluate the properties of the magnetic biochars, both pristine 

biochars and magnetic biochars were manufactured and investigated. The raw 

biomasses used for the biochar production in this study were wasted kelp and 

hijikia collected from Busan, Korea. The kelp and hijikia were thoroughly 

washed, air-dried for 24 hours, and then exsiccated for more than 12 hours in a 

drying oven. The prepared materials were ground using a home grinder into 

0.18~1.7 mm diameter particles.

The magnetic biochars were prepared by modifying the approach of Zhang et 

al. (Zhang et al., 2013a). A diagram of the manufacturing procedure for the 

magnetic biochars is shown in Figure 3.1. FeCl3∙6H2O was used for the biochar 

magnetization. Each 30 g sample of the prepared kelp and hijikia was immersed 

in 500 mL of FeCl3 solution at different molar concentrations (0.01~0.1 mol/L) 

for 30 minutes with vigorous magnetic stirring. Additionally, the mixture was 

aged in a drying oven at 70°C for 30 minutes and then separated from the 

FeCl3 solution. Subsequently, the collected materials were pyrolyzed in a muffle 

furnace (Nabertherm, Germany) at 500°C with N2 gas flow. The N2 gas injection 

was performed to prevent the ignition of the organic materials until the internal 

temperature of the furnace was below 100°C. The heating rate for pyrolysis was 

7°C/min, while the residence time was two hours. The pyrolyzed magnetic 

biochars were washed with deionized (DI) water and oven dried before use. The 

magnetic biochars derived from kelp and hijikia are hereinafter named as 

KBCmag-x and HBCmag-x, with x indicating the molar concentration of the Fe 

loading solution, which ranged from 0.01 to 0.1 mol/L.

Additionally, as a control, non-magnetic biochars were prepared using marine 

algae according to the same pyrolyzing conditions. The attained kelp biochar and 
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hijikia biochar are referred to as KBC and HBC, respectively.

Fig. 3.1. Manufacturing process for the marine macro-algae based magnetic 

biochar and pristine biochar.

3.2.2. Characterization of the surface properties

The specific surface area was quantified using an N2 multilayer surface area 

and porosity analyzer (Micromeritics ASAP 2020N, USA). The biochar samples 

were degassed under a vacuum at 623 K for four hours, before being filled with 

N2 gas at different vapor pressures. The measured data were fitted according to 

the Brunauer-Emmett-Teller (BET) method. The element C, H, N, O, and S 

composition in the biochar samples was determined using an elemental analyzer 

(Elementar vario MICRO cube, Germany) with a detection limit of 0.1%. The 

presence of the functional groups on the surface of the biochars and magnetic 

biochars was observed using a Fourier transform infrared spectrometer (FTIR; 

Bruker Vertex 80V, USA). The FTIR spectra of the materials were recorded 

from a range of 4,000 to 400 cm-1 with a resolution of 0.96 cm-1. A scanning 

electron microscope (SEM; Tescan MIRA-3, Czech Republic) was employed to 

determine the surface physical morphology. The magnetic properties of the kelp 
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magnetic biochar and hijikia magnetic biochar were assessed using a vibrating 

sample magnetometer (VSM; Lake Shore 7404, USA) with an extended field 

(-15000 to 15000 G) at room temperature. The crystallographic structures of the 

biochars were observed using X-ray diffraction (XRD; RIGAKU SmartLab, 

Japan), and the samples were scanned from 5 90– ° with a scan speed of 2°/min. 

The zeta potentials of the biochars were measured by a zeta potential analyzer 

(ELSZ-2000, Otsuka Electronics, Japan).

3.2.3. Heavy metals adsorption experiments

In order to measure the heavy metal removal of the prepared biochars, batch 

adsorption experiments were conducted by mixing 0.5 g of the biochar with 30 

mL of cadmium, copper, and zinc solutions in 50 mL vials at room temperature. 

The metal solutions (500 to 2000 mg/L) were prepared by dissolving 

CdCl2∙2.5H2O, CuCl2∙2H2O, and ZnCl2 in measured volumes of DI water. The 

biochar samples were placed in closed vials, shaken in a mechanical shaker at 

150 rpm for 24 hours to achieve equilibrium, and then filtered through a 0.45 m 

syringe filter. The residual concentrations of Cd2+, Cu2+, and Zn2+ ions in the 

aqueous filtrate were diluted with 2% HNO3 and then measured using inductively 

coupled plasma (ICP; PerkinElmer Optical Emission Spectrometer Optima 8300, 

USA) to assess the heavy metal adsorption capacity. The amount of heavy 

metals adsorbed per unit weight of biochar (Qe, mg/g) was calculated using the 

following equation:

     (1)

where C0 and Ce represent the initial and equilibrium concentrations (mg/L) of 

the metal ions (Cd2+, Cu2+, or Zn2+) in the solution. V is the aqueous solution 

volume (L) and W is the mass (g) of the biochar.
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The adsorption isotherms for the Cd2+, Cu2+, and Zn2+ ions on the biochars 

were fitted to linear Langmuir and Freundlich models, which are the most 

frequently used models for describing sorption isotherms. The Langmuir isotherm 

model is defined as equation (2) (Liu and Zhang, 2009), while the Freundlich 

isotherm model is given in equation (3) (Boddu et al., 2003):

     (2)

log  log log (3)

where Qe is the mass of metals adsorbed per mass of biochar (mg/g) at 

equilibrium, while Ce represents the equilibrium concentration (mg/L) of the 

metals. a and b refer to the Langmuir constants related to the adsorption 

capacity and adsorption rate, respectively. K is the adsorption constants for the 

Freundlich model.

3.2.4. Magnetic biochar recovery experiments 

The recovery efficiency of the magnetic biochars (KBCmag and HBCmag) was 

determined using the following procedure. First, 0.1 g of biochar and 30 mL of 

DI water were placed in a 50 mL vial, and their weight (Wa) was measured. 

After shaking at 150 rpm for one hour, the mixture was discarded from the vial 

with a permanent magnet attached. Then, the vial with the remaining biochar 

pulled by the magnet was dried for one day and weighed (Wb). The recovery 

efficiency (R) was measured using the following equation:

   ×  (4)
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3.3. Results and Discussion

3.3.1. Characteristics of the magnetic algae biochars

3.3.1.1. Specific surface area and morphology

The surface area is the main physical factor of biochar that affects metal 

sorption. As shown in Table 3.1, the BET area of the HBC increased from 0.49 

m2/g to 63.33 m2/g after magnetization with iron oxide particles, while the BET 

area increased from 0.39 m2/g in the KBC to 0.97 m2/g in the KBCmag-0.05. After 

magnetization, the HBCmag-0.05 showed a relatively higher increase in the surface 

area when compared to the KBCmag-0.05. This could be attributed to the size of 

the doped iron oxide crystals. The crystal sizes of the KBCmag-0.05 and HBCmag-0.05 

were 5~8 m and 1~3 m, respectively. Generally, the smaller the crystal size, μ μ

the wider the surface area if the total amount is the same. Similar to the results 

of a previous study that noted the low surface area of energy cane biochar 

(Mohan et al., 2015). The BET surface area of the KBC, KBCmag, HBC, and 

HBCmag was lower than that of most commercial adsorbents, for example, 1896 

m2/g of activated carbons (Hameed et al., 2007). Nonetheless, all the prepared 

biochars showed an excellent heavy metal adsorption capability (see section 3.2.).

As shown in the SEM image in Figure 3.2, when compared to the dense pore 

texture of the KBC and HBC, the surfaces of the KBCmag-0.05 and HBCmag-0.05 

were characterized by particles of magnetite (Fe3O4) and maghemite (Fe2O3 or 

Feγ– 2O3). These iron oxide particles were evenly distributed, and they partly 

embedded into or blocked the biochar pores during iron oxide formation (Figs. 

3.2b and d).
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Table 3.1. BET surface area and elemental composition of the studied biochars.

Biochar

Surface 

area 

(m2/g)

Elemental composition

(%, mass based)
O/C 

Molar 

ratio

H/C 

Molar 

ratio

Zeta 

potential 

(mV)C H O N S

KBC 0.39 62.31 2.12 31.26 2.68 1.63 0.38 0.41 -31.63

KBCmag-0.05 0.97 64.35 2.05 27.46 3.07 3.07 0.32 0.38 -31.73

HBC 0.49 64.94 2.23 28.38 2.35 2.10 0.33 0.41 -34.03

HBCmag-0.05 63.33 68.03 2.28 23.41 3.14 3.14 0.26 0.40 -28.89

Pinewood  

sawdust  

biochar

364.47 87.39 2.77 9.37 0.39 0.08 0.08 0.38 -10.53

KBC: Kelp biochar; KBCmag-0.05: Kelp magnetic biochar that was doped with a 

Fe solution of 0.05 mol/L; HBC: Hijikia biochar; HBCmag-0.05: Hijikia magnetic 

biochar that was doped with a Fe solution of 0.05 mol/L; Pinewood sawdust 

biochar: Pinewood sawdust biochar produced using the same procedure as the 

other biochars.
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Fig. 3.2. SEM micrographs of the KBC (a), KBCmag-0.05 (b), HBC (c), and 

HBCmag-0.05 (d) at 1000×. Inset images represent the surface morphology at 

5000×.

3.3.1.2. Elemental composition

The elemental analysis revealed all the marine algae biochars to mainly consist 

of oxygen (23~32%) and carbon (62~68%) (Table 3.1). The oxygen content of 

the kelp biochar and hijikia biochar was 31.26% and 28.38%, respectively, while 

that of the pinewood sawdust biochar prepared under to the same conditions 

(500°C) was 9.4% according to our preliminary study. All the tested biochars 

contained 23~32 wt% of oxygen, and these values were much higher than the 
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value seen for the conventional pinewood sawdust biochar (Table 3.1). The 

marine algae biochars, both KBC and HBC, had a high oxygen content and 

therefore a high O/C ratio, which was used as the hydrophilic index, thereby 

permitting the aqueous solution to penetrate into the biochars. Hence, the 

biochars could adsorb the heavy metals well (Chen et al., 2011b; Mohan et al., 

2015). Following the magnetization process, the C, N, and S content was slightly 

increased, while the O content was decreased by 4~5%, although there was no 

significant difference.

3.3.1.3. Surface functional groups

The functional groups on the biochar’s surface play a key role in metal 

sorption, and they are mainly determined by the type of biomass used and the 

pyrolysis temperature (Li et al., 2017). As shown in Figure 3.3a, the spectra of 

oxygen-containing functional groups, such as the O-H, C=O, and C-O bonds, 

were observed in both the KBC and HBC as well as the KBCmag-0.05 and 

HBCmag-0.05, although they decreased slightly after iron doping. The 

oxygen-containing functional groups serve as potential adsorption sites where 

heavy metals can bind to the surface of the biochar (Baig et al., 2014; Wang et 

al., 2015). All the biochars had broad bands at 3420~3400 cm-1, which can be 

attributed to the vibration of the OH groups owing to the presence of cellulose –

(Harikishore Kumar Reddy and Lee, 2014). The OH groups, in some cases, act –

as major binding sites for metals, since O has higher electronegativity and 

therefore H is released to form hydrophilic O (W. Zhang et al., 2013). The – 

peaks in the 1,580 cm-1 region were assigned to C=O stretching due to 

carboxylic acid and nitrogen derivatives. The visible band that appeared around 

1,400~1,450 cm-1 corresponds to C=C. The peaks at 1040~1250 cm-1 are 

ascribed to C O stretching due to alcohols, esters, ethers, and phenols. The –

appearance of 870 and 670 cm-1 peaks represents the C H bonds of aromatic or –

vinyl. The broad band seen at around 580 cm-1 is related to the Fe O bonds –
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(Yang et al., 2010), which indicates that the iron oxides were well allocated on 

the surface of the KBCmag and HBCmag, as demonstrated by the SEM results 

(Figs. 3.2b and d).

Fig. 3.3. FT-IR spectra (a) and XRD patterns (b) of the magnetic biochars.
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3.3.1.4. Magnetic properties

The actual amount of iron loaded on the magnetic biochar was measured using 

ICP and then calculated based on the difference in the iron concentration of the 

solution (i.e., before and after loading). As the iron concentrations increased, the 

actual amount of the iron loaded per unit of biochar mass increased from 8.85 

to 38.93 mgFe/g for the KBCmag-x and from 8,85 to 42.10 mgFe/g for the 

HBCmag-x.

The magnetic hysteresis curves of the prepared biochars at various iron loading 

solution concentrations (0.01~0.1 mol/L) were obtained from plots of the 

magnetization (emu/g) against the field strengths (G). As shown in the loops 

seen in Figures 3.4a and b, the saturation magnetization values increased to 9.74 

emu/g for the KBCmag and 8.64 emu/g for the HBCmag as the iron molar 

concentration of the loading solution increased from 0.01 to 0.1 mol/L. In 

particular, they greatly increased when the iron solution concentration changed 

from 0.025 to 0.05 mol/L. As expected, the recovery rate of the biochar depends 

on the intensity of the magnetism. Both the magnetic biochars with more than 

0.05 mol/L iron loading solutions were ferromagnetic, and they can be readily 

recollected from the suspended solution by means of the external magnetic field, 

as illustrated in the inserted pictures (Figs. 3.4a and b). This indicates the 

potential for the repeated use of magnetic biochar in the real wastewater 

treatment process.

Interestingly, the major magnetite form seen on the biochar differed depending 

on the carbon raw material. The XRD peaks of the magnetic biochars were 

sharper than those of the non-magnetic biochars (Fig. 3.3b), and it is assumed 

that the prepared iron oxides were well crystallized. For the KBCmag, new peaks 

were generated at 30.2°, 35.7°, 43.36°, 57.3°, and 62.92° during the 

magnetization process. These peaks were closer to those seen in the case of 

maghemite ( -Feγ 2O3), which has the same spinel ferrite structure as magnetite. 
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Otherwise, in the HBCmag, peaks were seen at 30.12°. 35.44°, 43.10°, 53.54°, 

57.16°, and 62.86°, which indicates the presence of magnetite (Fe3O4). However, 

further studies are necessary to determine the cause of the formation of different 

types of iron oxide on biochars produced under the same conditions.

Fig. 3.4. Magnetic hysteresis loops of the KBCmag-x (a) and HBCmag-x (b) with 

various iron doping solutions ranging from 0.01 to 0.1 mol/L. The inset pictures 

show the attraction to a permanent magnet.
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3.3.2. Heavy metal removal performance of the magnetic biochars

3.3.2.1. Adsorption performance

In order to evaluate the removal ability of the prepared biochars, batch 

adsorption experiments were carried out by mixing 0.5 g of biochar with 30 mL 

of metal solution containing Cd2+, Cu2+, and Zn2+ in a concentration of 1200 

mg/L. For comparison, pinewood sawdust biochar, one of the most conventional 

biochars, was also manufactured according to the same procedure and tested. As 

shown in Figure 3.5, the non-magnetic marine macro-algae biochars (i.e., KBC 

and HBC) showed the highest removal capacity for copper among all the tested 

samples. They exhibited an approximately three-fold higher Cu2+ adsorption 

capacity when compared to that of the conventional pinewood sawdust biochar, 

even though the specific surface area was very lower. As for the aforementioned 

FTIR result (see section 3.1.3.), the excellent heavy metal adsorption capability 

of the plain KBC and HBC could be explained by their having abundant and 

diverse oxygen-containing functional groups when compared to the pinewood 

sawdust biochar, which provide favorable conditions for heavy metal adsorption. 

Therefore, these results indicate that marine macro-algae such as kelp and hijikia 

could be used as excellent biosorbent materials for the production of biochar for 

heavy metal removal. 

However, the magnetization of biochar so as to enhance the recovery of the 

biochar showed a negative effect that partially reduced the heavy metal 

adsorption efficiency (Fig. 3.5). This is probably because the pores on the 

biochar’s surface were plugged or embedded with iron oxides following 

magnetization, as shown in the SEM image (Fig. 3.2). After being magnetized 

with 0.05 mol/L of iron for the purpose of recovery, the copper adsorption 

capacity of both the KBCmag and HBCmag was slightly reduced. Nevertheless, the 

magnetic biochar’s heavy metal adsorption capability is still considerably higher 
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than that of other types of biochar reported previously (Chen et al., 2011a; 

Pellera et al., 2012).

Fig. 3.5. Comparison of the copper removal efficiency and surface area of the 

pristine pine sawdust biochar, pristine marine algae biochar, and magnetic marine 

algae biochar.

3.3.2.2. Optimum iron loading for magnetization

Figure 3.6 represents the behaviors of the magnetic biochar’s Cu2+ adsorption 

as well as their separation efficiency when the iron solution was varied from 

0.01 to 0.1 mol/L in order to impart magnetization. It was clearly observed that 

the Cu2+ removal efficiency and recovery rate displayed the opposite tendency 

depending on the Fe loading intensity. The copper removal capacities of both the 
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KBCmag and HBCmag decreased as the iron concentration of the loading solution 

increased, with the value decreasing from 69.35 to 19.74 mg/g for the KBCmag 

and 67.43 to 17.45 mg/g for the HBCmag. Contrary to the metal removal, the 

recovery properties of both biochars increased as the iron loading concentration 

increased (100% for KBCmag-0.1 and 96.3% for HBCmag-0.1). At a 0.025 mol/L 

concentration, both magnetic biochars still showed a high Cu2+ adsorption 

capacity (69.37 mg/g for KBCmag-0.025 and 63.52 mg/g for HBCmag-0.025) and 

recovery rate (67.15% for KBCmag-0.025 and 62.96% for HBCmag-0.025), although 

they significantly decreased as the iron loading concentration lowered to below 

0.01 mol/L, which was not sufficient to achieve the required performance.

There was a clear correlation between the extent of the heavy metal adsorption 

and the zeta potential values. The surface of KBC, HBC, KBCmag-x, and 

HBCmag-x were negatively charged (Table 3.1), which indicates their strong 

electrostatic attraction to cationic heavy metal ions. As the iron loading 

concentration increased, however, the zeta potentials of the biochars became less 

negative (i.e., unfavorable condition), meaning that the level of cationic heavy 

metals adsorption became lowered, which is consistent with the results depicted 

in Figure 3.6.

Based on our results, it is very important to adjust the magnitude of the 

magnetic biochar in order to achieve both an excellent heavy metal adsorption 

efficiency and an excellent recovery rate at the same time. That is, it is essential 

to determine the optimum amount of iron doping that maximizes the biochar’s 

separation without sacrificing its heavy metal adsorption efficiency. To achieve 

these controversial purpose, the optimum iron loading range for the magnetic 

marine macro-algae biochar was determined to be 0.025~0.05 mol/L. Meanwhile, 

research concerning additive materials which can maintain the magnetic properties 

and reinforce the adsorption ability of biochar after magnetization, is required in 

the future.
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Fig. 3.6. Effect of the iron concentration of the loading solution on the magnetic 

biochar in terms of heavy metal removal and removal efficiency.

3.3.2.3. Selectivity for different species of heavy metals

To investigate the selectivity of the produced magnetic biochar for different 

heavy metal species, a comparative heavy metal adsorption experiment was 

carried out using a solution containing copper, zinc, and cadmium. The heavy 

metal removal capacities regarding Cd2+, Cu2+, and Zn2+ for the KBCmag-0.05 were 

23.16, 55.86, and 22.22 mg/g, respectively, while those for the HBCmag-0.05 were 

19.40, 47.75, and 19.13 mg/g, respectively (Fig. 3.7). Regardless of the raw 
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materials used for the biochars, both magnetic biochars showed excellent heavy 

metal removal behaviors, with especially high selectivity being seen for copper. 

Indeed, copper showed a more than two times higher removal rate in both the 

magnetic biochars than cadmium and zinc, since copper has a good affinity for 

biochars due to forming complexes with the oxygen-containing functional groups 

( COOH and OH) on the biochar’s surface, as explained by Tong et al. (2011). – –

Unlike conventional magnetic biochar studies which have reported the removal of 

cationic metals to not be easy (Table 3.2), for example, 7.4 mg Cd/g for 

magnetic oak bark biochar, 2.87 mg Cd/g for magnetic oak wood biochar 

(Mohan et al., 2014), and 4.1 mg Zn/g for magnetic empty fruit branch biochar 

(Mubarak et al., 2013), the magnetic biochars produced using waste marine 

macro-algae (kelp and hijikia) were able to remove cationic heavy metals (Cu2+, 

Cd2+, and Zn2+) effectively. The reason for this is probably due to the various 

functional groups contained in the marine macro-algae biochars, however more 

detailed studies are required.

Table 3.2. Comparison of the cationic heavy metal adsorption capacities of 
various biochars.

Biochar type
Surface area

(m2/g)

Qm*

(mg/g)
Reference

Cd KBCmag-0.05 0.97 23.16 this study
HBCmag-0.05 63.33 19.40 This study
Magnetic oak bark biochar 8.80 7.40 (Mohan et al., 2014)
Magnetic oak wood biochar 6.10 2.87 (Mohan et al., 2014)
Magnetic nut shield 465 50.60 (Trakal et al., 2016)

Cd S. japonica 0.97 55.86 This study
S. fusiforme 63.33 47.75 This study
Buffalo weed 67 48.99 (Gong et al., 2012)

Zn S. japonica 0.97 22.22 This study
S. fusiforme 63.33 19.13 This study
hard wood 765 4.10 (Mubarak et al., 2013)

* Qe : the amount of adsorbed heavy metal per unit weight of biochar after 
adsorption equilibrium.
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Fig. 3.7. Comparison of the copper, cadmium, and zinc removal efficiency of 

KBCmag-0.05 and HBCmag-0.05.

3.3.3. Heavy metal equilibrium isotherm

An adsorption isotherm is necessary to optimize the use of adsorbents, since it 

describes how adsorbates interact with adsorbents (Goh et al., 2008). Many 

empirical isotherm models have been used to analyze equilibrium heavy metals 

adsorption by biochars. The Cd2+, Cu2+, and Zn2+ sorption isotherms on the 

biochars were simulated with the widely used Langmuir and Freundlich 

equations, and the corresponding parameters are summarized in Table 3.3, while 

the data are plotted in Figure 3.8. 

The copper sorption isotherm on the KBCmag-0.05 was found to more suitable 

for the Freundlich model than the Langmuir model, although the difference in 

the coefficient value was not large (0.87 for Freundlich and 0.85 for Langmuir). 

However, the cadmium isotherm on the HBCmag-0.05 was a better fit with the 

Langmuir model, with a coefficient value of 0.92, whereas the fit with the 
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Freundlich showed a value of 0.79. In the case of copper, the resulting 

correlation coefficients demonstrated that the KBCmag-0.05 and HBCmag-0.05 all fit 

well with the Langmuir model, with values of 0.85 and 0.88, respectively, which 

is consistent with previous results (Chen et al., 2011b; Li et al., 2013; Tong et 

al., 2011). The Langmuir isotherm assumes a monolayer sorption mechanism on 

a homogeneous surface of an adsorbent with no interaction between the adsorbed 

molecules. Therefore, adsorption can no longer occur once the active site on the 

surface of the biochar is saturated (Ho and McKay, 2000). However, the zinc 

removal by both magnetic biochars can be better explained by the Freundlich 

model, which is valid for a heterogeneous adsorption and not limited to the 

formation of a monolayer (Foo and Hameed, 2010). 

Table 3.3. Parameters for the heavy metal sorption isotherms fitted with 

Langmuir and Freundlich equations for KBCmag-0.05 and HBCmag-0.05.

Biochar
Heavy

metal

Langmuir isotherm Freundlich isotherm

a b R2 k n R2

KBCmag-0.05 Cd 34.89 0.0006 0.85 0.20 1.67 0.87
Cu 46.74 0.0020 0.85 2.10 2.60 0.80
Zn 95.49 0.0002 0.98 0.06 1.23 0.98

HBCmag-0.05 Cd 7.01 0.0035 0.92 1.16 4.53 0.79
Cu 36.44 0.0007 0.88 0.33 1.81 0.87
Zn 22.03 0.0009 0.88 0.25 1.88 0.89
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Fig. 3.8. Adsorption isotherms of KBCmag-0.05 and HBCmag-0.05 for cadmium (a), 

copper (b), and zinc (c).
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3.4. Conclusions

Iron oxides (mainly -Feγ 2O3 and Fe3O4) doped magnetic biochars derived from 

waste marine algae (kelp and hijikia) were developed, and their properties were 

intensively studied using SEM, EDX, FTIR, XRD, and VSM analyses. These 

magnetic marine algae biochars (KBCmag and HBCmag) exhibited a high 

adsorption ability with regard to Cd, Cu, and Zn despite their low surface area, 

and they could be easily collected from the aqueous solution as a magnetic force 

was imposed. Among the tested heavy metals, the magnetic biochars showed 

especially high selectivity for copper removal due to copper’s high affinity with 

the oxygen-functional groups. As the iron doping concentration was increased to 

provide magnetic properties, the separation behavior of the magnetic biochars 

increased, while their heavy metal removal capacities decreased gradually. Based 

on our results, the optimum concentration of iron solution for magnetization was 

determined to be 0.025~0.05 mol/L, where the biochar can be separated 

efficiently without sacrificing its heavy metal adsorption capacity. Overall, our 

magnetic biochars are considered to be suitable for use in the wastewater 

treatment process due to their excellent heavy metal adsorption ability and easy 

recovery after use. However, further research on new materials that can maintain 

the high magnetic properties of the biochar while preventing the deterioration of 

its heavy metal adsorption power is also required in the future. Moreover, 

studies concerning the regeneration and reuse of the utilized magnetic biochar 

should be conducted. Indeed, our research group is currently conducting such a 

study, the results of which should serve to extend the findings of the present 

research.
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Chapter 4.

A novel approach to developing a reusable marine 

macro-algae adsorbent with chitosan and ferric oxide 

for simultaneous efficient heavy metal removal and 

easy magnetic separation
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4.1. Introduction

The developments of rapid industrialization in the 21st century have 

dramatically increased the discharge of large amounts of wastewater containing 

pollutants such as heavy metal ions, which pose significant hazards to human 

health (Khan et al., 2013). Moreover, the toxicity of polluted water has become 

one of the main threats to public health and living organisms 

(Hernandez-Sherrington et al., 2017). Among numerous heavy metals, copper is 

the most predominant and valued metal used in industry, where approximately 

88% of its production is provided by the processing of its minerals, with the 

remaining 12% coming from the recycling of copper from waste (Elbana et al., 

2013). Copper ions (Cu2+) are considered to be one of the most hazardous 

contaminants due to their ability to accumulate in the kidneys and the nervous 

system, posing long-term adverse effects on human health. Therefore, the 

removal of Cu2+ from discharged wastewater is essential to protect environmental 

and human health.

Several techniques have been investigated to remove Cu2+ from 

wastewater solutions, such as membrane separation, ion exchange, precipitation, 

chemical oxidation, and adsorption (Barakat, 2011). Among these approaches, 

adsorption has been recognized as the most preferred method to remove copper 

from wastewater due to its advantages, such as cost-effectiveness, environmental 

friendliness, and the high efficiency of the adsorption process areas (Mohan et 

al., 2015; Tan et al., 2015). Therefore, there have been extensive efforts that 

focus on the development of appropriate adsorbent materials to increase the 

removal percentages of toxic contaminants from wastewater (Couto et al., 2017).

Recently, biochar, a carbonaceous adsorbent material, has drawn attention in 

this field of research due to its low cost, natural biomass, abundance, high 

carbon content, and its potential uses in various environmental areas (Mohan et 
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al., 2015; Tan et al., 2015). Biochar is commonly used for waste management, 

soil improvement, energy production, and climate change mitigation. Likewise, its 

unique properties, such as large surface area, high porosity, and mineral 

components, make biochar a potential alternative remediation agent for different 

contaminants in the environment, including organic pollutants, heavy metals, and 

possibly nutrients (Xue et al., 2012; Yao et al., 2014). Several types of biochar 

have been investigated in previous reports, including peanut shells (Zhang et al., 

2015), sawdust (Kaczala et al., 2009), energy cane (Mohan et al., 2015), 

wastewater sludge (Zhang et al., 2013b), and marine macro-algae. It is worth 

mentioning that the last study mentioned above achieved the highest removal 

efficiency rate of heavy metal ions compared to the others listed. Where, the 

achieved removal capacity was 98.6, 94.1 and 8.9 mg adsorbed copper/g biochar 

for kelp, hijikia, and pinewood sawdust biochar, respectively. This superior 

achievable removal efficiency of the kelp macro-algal biochar can be attributed 

to its unique structural morphology and chemical functional groups, which act as 

attractive and active sites capable of adsorbing the heavy metal ions from 

wastewater (Poo et al., 2018).

Despite the advantages of biochar, its application is still limited due to its 

small particle size and low density, which hinder its separation from aqueous 

solutions. Various modification strategies have been applied to improve biochar 

performance in environmental remediation processes by increasing the effective 

surface sorption sites or through the addition of superficial functional groups, 

both of which can be the prevalent controllers of the sorption of heavy metal 

ions (Qiu et al., 2008; Uchimiya et al., 2011; Xue et al., 2012). These 

modifications included surface oxidation, functionalization, and exploration (Yao 

et al., 2014; Zhang et al., 2011). In our previous work, biochar was modified by 

using magnetic iron oxide particles as a magnetism agent for enhancing the 

separation process from the aqueous solution (Son et al., 2018). The obtained 

results showed that the magnetic iron oxide strongly enhanced the separation 
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process of the biochar under a magnetic field (increased from 0 to 100% 

separation), however, it had negative effect on the adsorption capacity of the 

kelp biochar, where the removal efficiency of heavy metal was decreased from 

70 to 56 mg/g.

Chitosan is a cheap, plentiful, renewable, biodegradable, high-hydrophilicity and 

non-toxic abundant product in nature (Cui et al., 2016). Therefore, chitosan has 

been used in different industrial and biological applications (Gerente et al., 200

7). Many studies have investigated chitosan as an alternative adsorbent, and the 

results have confirmed its excellent efficiency of removing heavy metals from 

aqueous solutions. Its effective adsorption performance is due to the presence of 

the highly effective functional groups on its surface, attracting the undesirable 

ions from the wastewater (Liu et al., 2017). In particular, chitosan has a high 

selectivity for heavy metal ions due to the presence of amine functional groups 

that can form strong bonds with these ions (Deng et al., 2017). As a result, 

chitosan has been used as a surface modification agent in many previous studies. 

However, the poor porosity of the chitosan and its low ability to separate from 

the aqueous solution is regarded as a major limitations which must be considered 

when attempting to achieve high removal efficiency while avoiding secondary 

contamination (Crini, 2006).

Coupling chitosan with magnetic biochar as an adsorbent material could 

enhance both heavy metal removal ability and separation efficiency by combining 

the advantages of both materials. More specifically, this coupling can incorporate 

the advantages of chitosan as a highly selective chemical material with affinity 

for heavy metal ions and the advantages of magnetic biochar as an effective 

separation agent. This combination is attractive, economical, and eco-friendly, and 

is promising because both are composed of cost-effective, green materials with 

widespread availability. However, many scholars have focused solely on chitosan 

and biochar as ideal adsorbent materials capable of enhancing both the removal 
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percentages and separation efficiency rates. Until now, there have been no 

studies conducted that investigate the recovery of chitosan-modified magnetic 

biochar under batch operation conditions.

Here, a novel, simple, and cost-effective approach was introduced to prepare a 

chitosan-modified magnetic biochar (Chi-KBm) as an effective adsorbent material 

simultaneously capable of high separation ability and heavy metal removal. The 

recovery capability of Chi-KBm was investigated in this study for the first time. 

The prepared materials were characterized with Fourier transform infrared 

analysis (FTIR), scanning electron microscopy (SEM), and Brunauer 

Emmett-Teller analysis (BET). Moreover, the competitive adsorption capacity of 

the ion strength in the presence of various electrolytes was also studied. 

Ultimately, it was found that Chi-KBm can be used for efficient heavy metal ion 

removal, which implies its great potential for wastewater treatment.
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4.2. Materials and Methods

4.2.1 Materials

The biochar biomass was kelp (brown algae) growing in ocean, and kelp was 

collected from Busan, South Korea. Chitosan (C0831, 20-100mPa s, 0.5% in ∙

0.5% acetic acid at 20°C) was purchased from Tokyo Chemical Industry (Japan). 

Iron ( ) chloride hexahydrate (FeClⅢ 3 6H∙ 2O), hydrochloric acid (HCl), sodium 

hydroxide (NaOH), copper ( ) chloride dehydrate (CuClⅡ 2 2H∙ 2O), and zinc 

chloride (ZnCl2) were purchased from Junsei (Japan). Cadmium chloride hemi 

(pentahydrate) (CdCl2 2.5H∙ 2O) were supplied by Kanto Chemical (Japan). Nitric 

acid (HNO3) for diluting the heavy metal solution was obtained by Sam Chun 

(South Korea). All used reagents were extra pure grade.

4.2.2 Manufacture of chitosan-modified magnetic kelp biochar

Chi-KBm was synthesized using step-by-step approach as shown in Fig. 4.1. 

The first step was the pretreatment of the raw materials (kelp) by washing it 

and drying at room temperature overnight, followed by oven drying for 12 h. 

After having been completely dried, the kelp were crushed and then sieved into 

0.18~1.7 mm diameter particles.

The second step was the deposition of iron oxide particles as a magnetic agent 

on the surface of the pristine kelp by following the modified method of Zhang 

et al (Zhang et al., 2013). In brief, 30 g of the prepared kelp has been 

immersed in 500 mL of FeCl3∙6H2O solution with different molar concentrations 

(0.01~0.1 mol/L) for 30 minutes with continuous strong stirring. Subsequently, 

the mixture has been dried in the drying oven at 70°C for 30 minutes and then 

the kelp was separated from the FeCl3∙6H2O solution. This separated material 

was pyrolyzed in a furnace (Nabertherm, Germany) at 500°C for 2h under N2 
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flow conditions using a 7°C/min heating rate. After that, the pyrolyzed magnetic 

kelp biochar was washed with deionized (DI) water several times to remove any 

impurities followed by oven-drying before being used in the experiments. The 

magnetic kelp biochar here is referred to KBm-x, with x indicating the different 

iron concentrations.

Finally, a thin layer of chitosan was synthesized on the surface of magnetic 

kelp biochar (KBm) using coating process. For more details, 3 g of chitosan 

were dissolved in 250 mL of 2% (v/v) acetic acid. Afterward, 5 g of the 

prepared KBm were added into the solution. The mixture was stirred for 30 

minutes. Then, the drop wise condensation of 1.2% NaOH was added to the 

homogenous mixture until the pH level reached 9 as optimum condition for the 

chitosan coating process. After that, the mixture was kept at room temperature 

for 12 h before being washed with DI water to remove any excess NaOH. 

Lastly, the manufactured particles were separated from the DI water, and then it 

was dried until the particles were dehydrated. The resulting chitosan-modified 

biochar samples are referred to as Chi-KBm as mentioned before.

Fig. 4.1. Manufacturing procedure for KBm and Chi-KBm.
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4.2.3 Material Characterization

The morphologies and element composition of the prepared Chi-KBm 

were investigated with a scanning electron microscope (SEM; Tescan 

MIRA-3, Czech Republic). A Fourier transform infrared spectrometer 

(FTIR; Bruker Vertex 80V, USA) was used to characterize the functional 

groups on the surface of the prepared Chi-KBm. Moreover, the elemental 

C, H, O, N, and S contents of the prepared adsorbent were investigated 

using an elemental analyzer (Elementar vario MICRO cube, Germany) 

with a detection limit of 0.1%. Additionally, X-ray diffraction (XRD) 

patterns were determined using a RIGAKU SmartLab Advanced 

Diffractometer System with a scan speed of 2°/min spanning from 5 to 

90°. X-ray photoelectron spectroscopy (XPS) was performed on a 

K-ALPHA+XPS System (Thermo Fisher Scientific, U.K.) with an Al-Kα 

X-ray source (1486.6 eV). In addition, the magnetic properties of the KBm 

and Chi-KBm samples were evaluated through a magnetization curve using 

a vibrating sample magnetometer (VSM; Lake Shore 7404, USA) at room 

temperature.

4.2.4 Adsorption experiments

Under continuous stirring (150 rpm), adsorbent material (0.5g) was 

added into 30 mL of 1000 mg/L Cu2+ solution at room temperature for 

24 h. Then, the mixture was passed through a membrane filter (0.45 m). μ

Various solutions at different pH levels (adjusted with 0.1 M HCl and 0.1 

M NaOH) were also prepared to investigate the effect of pH on the 

copper adsorption capacity for KBm and Chi-KBm. All experiments were 

performed in a batch mode at room temperature. The remaining 
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concentrations of Cu2+ ions in the aqueous filtrate were diluted with 

HNO3 (2%) and measured by inductively coupled plasma (ICP; 

PerkinElmer Optical Emission Spectrometer Optima 8300, USA). The 

adsorption capacity of Cu2+ was calculated with the following equation:

                            (1)

Where C0 and Ce represent the initial and equilibrium concentrations 

(mg/L) of the metal ion (Cu2+) in the solution, respectively, m is the 

mass (g) of the adsorbent and V is the solution volume (L).

4.2.5 Separation experiments of the biochars using a magnetic field 

approach

The separation efficiency of the both of pristine KBm and modified 

Chi-KBm was investigated using a different strength of the external 

magnetic field. The experiments were carried out as follows: first, 0.1 g 

of the raw Chi-KBm was added to the vial, and the total weight was 

recorded as Wa. Then, 10 mL of deionized water was added to the raw 

biochar, followed by shaking at 150 rpm for 1 h. Subsequently, a 

Neodymium magnet (D25  Chi-KBm. After that, the mixture was poured 

off with the magnet being attached, and the vial contained the remaining 

of Chi-KBm was dried for one day in the drying oven. Finally, the total 

weight was measured and recorded as Wb. The separation rate (S) was 

calculated using the following equation:

    ×                      (2)

Where S is the percentage of the adsorbent separated from the aqueous 

solution.
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4.3. Results and Discussion

4.3.1 Physiochemical properties of the prepared biochar

4.3.1.1 Elemental composition

Elemental compositions of the magnetic kelp biochar (before and after 

modification with the chitosan layer) were investigated as shown in Table 4.1. 

The results indicated that both the KBm and Chi-KBm contained more than 60% 

carbon content; this percentage is common when compared to the results of 

previous studies (Xu et al., 2011). However, it can be seen from the 

reassembled data that the chitosan modification reduced the total mass percentage 

of oxygen, while the nitrogen, hydrogen, and carbon contents were significantly 

increased. In particular, the nitrogen content of Chi-KBm was 1.4 times higher 

than that of KBm. This increasing of total nitrogen content can be attributed to 

the chitosan modification which enhanced the active sites on the surface of 

modified magnetic biochar.

Table 4.1. Surface area and elemental compositions of the biochar before and 

after chitosan modification.

1KBm: Magnetic kelp biochar

2Chi-KBm: Chitosan-modified magnetic kelp biochar

Biochar

Surface 

area 

(m2/g)

Elemental composition
(%, mole based)

O/C 

Molar 

ratio

H/C 

Molar 

ratio

C/N 

Molar 

ratioC H O N S

1KBm 0.97 5.36 2.05 1.72 0.22 0.09 0.32 0.38 24.36
2Chi-KBm 6.17 6.10 3.69 1.15 0.31 0.05 0.19 0.60 19.68
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Furthermore, X-ray photoelectron spectroscopy (XPS) was used to investigate 

the chemical composition of synthesized Chi-KBm before and after the adsorption 

process (Fig. 4.2.). The obtained results showed that four significant peaks were 

appeared for both samples as follows: C 1s (68.47%), O 1s (21.27%), N 1s 

(2.13%), and iron -Feγ 2O3 (0.46%). Interestingly, the main difference was the 

appearance of the copper peak (Cu2+) after the adsorption process, which 

confirmed the adsorption of Cu2+ on the Chi-KBm surface. All the remaining 

peaks provided strong evidence for the success of the biochar modification with 

both magnetic and composite chitosan layers.

Fig. 4.2. XPS results of Chi-KBm (a) before and (b) after Cu2+ adsorption 

experiments.
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4.3.1.2 Surface morphology

The surface morphology of the pristine kelp biochar (KB), KBm, and Chi-KBm, 

were observed through SEM and EDX (Fig. 4.3.). The pore structure of the 

surface area in the case of the pristine KB had a strongly inconspicuous 

appearance compared to KBm, in which plenty of pore channels had been 

formed. The appearance of these channels indicates that the iron oxides has been 

deposited on the modified kelp biochar. In contrast, the surface of Chi-KBm was 

silky compared to KBm’s rough surface. This smooth surface was attributed to 

the well coated chitosan layer on the surface of Chi-KBm. Meanwhile, Chi-KBm 

exhibited a dramatic decrease of pores due to the formation of the chitosan layer 

on the surface, which blocked some of the magnetic biochar pore channels. 

Although the chitosan layer blocked some pores of the KBm, the total surface 

area increased more than 6.4 times for Chi-KBm as shown in Table 4.1. This 

phenomenon can be explained as the following, the amount of blocked macro 

pores can be considered negligible when compared to the amount of added 

micro pore after chitosan coating. In other words, the chitosan layer blocked 

some partially macro pores, however, it opened greater number of micro pores 

on the surface of magnetic biochar. As a result, the significant increasing of the 

total surface area was achieved in the case of Chi-KBm.

In EDX results, multiple peaks related to the various elements of the raw 

material were observed, while KBm and Chi-KBm had remarkable new peaks 

indicating the iron oxides. These iron oxide peaks reflect the deposition of iron 

particles on the surface of both KBm and Chi-KBm. Furthermore, XRD 

characterization confirmed the deposition of the two forms of iron oxides, 

maghemite ( -Feγ 2O3) and magnetite (Fe3O4), on the modified biochar surface 

(Fig. 4.4). Meanwhile, clear appearance of a new peak has been observed at 2

=20 of Chi-KBm, and this peak is assigned to a chitosan coating layer 

(Modrzejewska et al., 2006). Moreover, EDX mapping confirmed the presence 
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and effect of the chitosan coating layer on enhancing surface properties by 

confirming the spread of the nitrogen component on the surface of Chi-KBm, 

which in turns led to create the new functional groups with other elements such 

as C, O and H atoms on the surface of Chi-KBm.

Fig. 4.3. SEM images and EDX diagrams (inset) of (a) KB, (b) KBm, (c) 

Chi-KBm, and (d) EDX mapping figure of N distribution (blue dots) on the 

surface of Chi-KBm.

Fig. 4.4. XRD results of (a) KB before and after iron oxide modification, and 

(b) Chi-KBm before and after Cu2+ adsorption experiments.
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4.3.1.3 Functional group analysis and adsorption mechanism

FTIR analysis were performed to identify the functional groups on the biochar 

surface (Fig. 4.5a.). Compared to the KBm which is unmodified with chitosan, 

the Chi-KBm exhibited sharp peaks at 3400, 1394 and 1563 cm-1, which were 

assigned to stretching vibrations of OH, NH and C-N function groups, – –

respectively, which are favorable for the heavy metal adsorption process. These 

groups were attributed to the chitosan layer coated on the surface of biochar 

(Kołodyńska, 2011; Li et al., 2013). Peaks at 560 and 576.8 cm 1− , which were 

attributed to Fe O stretching vibration, were observed in both KB– m and 

Chi-KBm, confirming the presence of -Feγ 2O3 particles in both biochars (Yang et 

al., 2010). Meanwhile, KBm shows strong peaks at 1580, 1450, 1100, and 870 

cm-1, which correspond to C=O (Liu et al., 2017), C=C (Sarneel et al., 1980), 

C-O (Yang & Jiang, 2014), and C-H (Deng et al., 2017), respectively. In 

contrast, it is noteworthy that the presence of new peaks is observed with 

changes in the intensity and positions of the peaks for Chi-KBm. Additionally, 

the intensity of the strong and sharp peak at 1450 cm-1 (C=C) of KBm was 

dramatically decreased, converting to a very weak and broad peak in the case of 

Chi-KBm. The same tendency was observed for the C-H band at 780 cm-1, 

where as the C-O band at 1100 cm-1 was weakened and slightly shifted to a 

higher wavenumber. These results can be attributed to the interaction between 

the amino, hydroxyl, and carbonyl groups of chitosan and the KBm groups, such 

as C=O, C=C, C-O, and C-H via hydrogen bonding or other chemical bonding.

The presence of surface functional groups and their types are very important 

because functional groups are directly related to the adsorption of heavy metals 

(Fig. 4.5b). Adsorption mechanisms of Cu2+ adsorption on the surface of biochar 

is divided into two categories. The first category refers to physical adsorption 

(physisorption), in which a one-step reaction mechanism occurs through van der 

Waals force, which is an interaction that is inversely proportional to the distance 

between atoms or molecules (Chen et al., 2015; Han et al., 2016; Li et al., 



- 73 -

2017; Qi et al., 2017). The second indicates surface precipitation, which can be 

attributed to all chemical adsorption on the surface, and it can occur through 

three individual steps, including ion exchange, surface complexion, and 

co-precipitation. In the case of ion exchange, when exchangeable ions (e.g., Na+, 

K+, and Mg2+) are present on the surface of biochar through direct or indirect 

coupling, the heavy metal ions in the aqueous solution are exchanged with these 

exchangeable ions, resulting in the removal of the heavy metal ions. The surface 

complexion depends on the electrostatic attraction between the surface functional 

groups on the biochar and the heavy metal ions in aqueous solution. Positively 

or negatively charged groups on the surface, such as hydroxyl, carboxyl, ester, 

or amine groups, attract oppositely charged ions in the solution, forming the 

complexions through chemical bonding on the surface. When several different 

ions or molecules in the solution are adsorbed together on the surface, this 

process is called co-precipitation. So that, both of surface complexion and 

co-precipitation is predominant in the case of Chi-KBm, due to the addition of 

various functional groups on the surface of the biochar after introduction of 

chitosan layer.
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Fig. 4.5. (a) Surface functional groups (FTIR spectra), and (b) various adsorption 

mechanisms.
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4.3.1.4 Magnetization properties

Fig. 4.6a displays the magnetic hysteresis loop (S-like curve), which 

represented the magnetization value per unit mass of KBm and Chi-KBm (emu/g) 

versus the field strengths (G). The obtained results confirmed that KBm and 

Chi-KBm exhibited super-magnetization properties, where the saturation magnetism 

values were 7.45 and 7.15 emu/g for KBm-0.05 and Chi-KBm-0.05, respectively, 

which considered the sufficient potential of these adsorbent materials to be 

separated from the aqueous solution using permanent external magnetic force.

4.3.1.5 Effects of pH levels on adsorption performance

Fig. 4.6b shows the effect of pH values (from 2-12) on the removal efficiency 

of Cu2+ using KBm and Chi-KBm as adsorbents. The adsorption capacity of 

Chi-KBm towards copper ions was increased by increasing of pH value from 2 

to 7. Further increase in pH value resulted in a slight increase of copper ions 

removal. Typically, the Cu2+ removal efficiency was increased from 46.60% to 

90.14% by increasing pH value from 4.86 to 5.39 using Chi-KBm. When pH 

was increased to 6.93, the highest Cu2+ removal efficiency of 98% was obtained. 

As a result, it can be concluded that the optimum pH value was 6.93. 

Meanwhile, the copper adsorption capacity of KBm was increased gradually with 

increasing of pH from 2 to 12. Especially, in the range of pH value from 4 to 

5, copper adsorption was increased sharply from 20.92% to 64.58%, and with 

further increase of pH resulted in a steady increase of copper removal and the 

highest adsorption amount was 90.25% at pH 11.58. At low pH levels, the 

adsorbent surface was slightly positively charged, so the positively charged Cu2+ 

may act as an electrostatic barrier that prevents further adsorption, thereby 

reducing copper removal (Roy et al., 2016). In contrast, the higher adsorption 

capabilities at higher pH can be explained by the formation of hydroxide 

precipitation between OH –and Cu2+, which improves the removal efficiency.
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Fig. 4.6. Characterization of biochar (a) Magnetic properties and (b) pH effect 

on adsorption process of KBm and Chi-KBm.

4.3.2 Heavy metal adsorption

4.3.2.1 Separation efficiency and copper removal

Fig. 4.7 displays the separation efficiency (magnetic separation rate) and 

copper removal rates of KBm and Chi-KBm versus the different iron oxide 

loading levels. This graph can be divided into two ranges: First with a low iron 

loading concentration (0-0.05 mol/L) and the second with at a high iron loading 

concentration (0.05-0.1 mol/L). In the range of low iron loading concentration, 

the copper removal capacity of KBm was higher than that of Chi-KBm (60 and 

48% for KBm and Chi-KBm, respectively at the 0.01 mol/L iron loading). It is 

worth mentioning that there are two factors controlling the adsorption process: 

pore size (porosity) and the surface functional groups (active sites). At low iron 

oxide loading levels (<0.05 mol/L), the effect of iron on pore blocking was 

negligible. As a result, the pore adsorption mechanism (physisorption) is 

dominant for KBm. In contrast, the pores of Chi-KBm were blocked by the 

chitosan layer, and active sites were formed by various functional groups of 
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chitosan. As a result, surface precipitation was dominant for Chi-KBm. However, 

the higher adsorption performance of KBm compared to Chi-KBm (at iron loading 

levels <0.05) is attributed to the fact that adsorption through surface precipitation 

(Chi-KBm) is a reversible process. Some precipitated (adsorbed) copper on 

surface of Chi-KBm is re-dissolved through reversible reactions, especially in long 

operation times (24 h), reducing overall performance. The pore adsorption 

mechanism (physisorption) is irreversible and it depends on pore size.

In the high iron loading concentration range (0.05 mol/L or more), the copper 

removal rate in the case of KBm sharply decreased to 3% (20 times reduction of 

the original value) at 0.1 mol/L iron loading. This is because of the decrease of 

pore size, which is a major factor affecting adsorption on the KBm. In 

comparison, the increase of iron loading levels in the case of Chi-KBm slightly 

decreased the copper removal rate, and the copper removal rate at the 0.1 mol/L 

was 32%. This trend is due to the fact that pore blocking by large amounts of 

iron oxide and thin layer of chitosan did not significantly impact on overall 

performance, as the main factor for Chi-KBm is still the surface functional 

groups. Interestingly, these trends of sharp and slight drops in the copper 

removal efficiency by increasing iron loading levels for KBm and Chi-KBm, 

respectively, significantly confirmed our hypothesis.

In contrast, the increase in the iron loading levels resulted in increase of 

separation efficiency for both KBm and Chi-KBm. Most importantly, more than 

93% separation efficiency for both biochars was obtained at iron loading levels 

of 0.05 mol/L. Overall, the chitosan modification process enhanced the copper 

removal ability without sacrificing the separation efficiency at iron loading levels 

of 0.05 mol/L or more. Therefore, Chi-KBm-0.05 was considered to be an optimal 

adsorbent. For further comparison and optimization of the chitosan coating 

conditions, an adsorption test was assessed with chitosan coating amounts varying 

from 0.1 to 1.0 g-chitosan/g-biochar. According to the obtained results, it was 
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confirmed that the addition of more chitosan to the surface of biochar increased 

copper adsorption capacity. The copper adsorption capacity of Chi-KBm was 

increased from 0.88 to 26.99 mg-adsorbed copper/g-biochar when the chitosan 

coating amount was changed from 0.1 to 1.0 g-chitosan/g-biochar.

These results open the door to a new approach for wastewater treatment 

containing heavy metal ions. More specifically, the approach described here 

demonstrates the success of chitosan-modified magnetic kelp biochar (Chi-KBm) 

as an effective heavy metal adsorbent with an easy separation technique using an 

external magnetic field. Moreover, the obtained results show significant 

improvements over both heavy metal ions removal and separation efficiency as 

compared to other studies (Huang & Chen, 2009; Mahdavinia et al., 2016; Ren 

et al., 2008).

Fig. 4.7. Optimum loading of ferric oxide and chitosan on the copper removal 

and separation efficiency.



- 79 -

4.3.2.2 Effect of different heavy metals ions on the Cu2+ adsorption

There are always different heavy metal ions co-existing in natural water and 

wastewater, which have a great influence on the chitosan-modified biochar 

adsorption of any particular metal ion. Therefore, the following experiments were 

conducted to evaluate the adsorption performance of Chi-KBm towards the 

common competing heavy metal ions. It is clear that various heavy metals have 

different effects on adsorption capacity; more specifically, the addition of Zn2+ 

decreased the adsorption capacity to a large extent (Cu2+, Cd2+, and Zn2+) (Fig. 

4.8.). The removal efficiencies for Cu2+, Cd2+, and Zn2+ were 4.91, 4.81, and 

4.07 mg/g for KBm, and 19.68, 6.94, and 4.13 mg/g for Chi-KBm, respectively. 

Cu2+ removal capacity was the highest compared with Cd2+ and Zn2+ removal 

capacity. This is attributed to the electronegative value of the metal ions; the 

values are sorted in order as follows: Cu2+ (2.00) > Cd2+ (1.69) > Zn2+ (1.65) 

(Ouwerx et al., 1998). Metal ions with more electronegativity have a stronger 

attraction to the surface of the adsorbent. Cu2+ is the most electronegative, 

resulting in its preferential adsorption to the hydroxyl (-OH) and amino (-NH2) 

groups of the chitosan-modified kelp biochar as compared to Cd2+ and Zn2+. 

Furthermore, this adsorption trend can be explained by the ionic radii of the 

metal ions. It has been reported that the smaller the ionic diameter, the higher 

the adsorption capacity. Indeed, the ionic radii of the metal ions are Cu2+ 

(73pm), Cd2+ (95pm), and Zn2+ (75pm) (Ouwerx et al., 1998). This means that 

the trend of adsorption is consistent with the order of electronegativity and ionic 

radius size. Therefore, in our study, the Cu2+ ion with the largest 

electronegativity and the smallest ionic radius showed the highest adsorption 

capacity, followed by the Cd2+ and Zn2+ ions, respectively.
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Fig. 4.8. Comparison of adsorption affinity for various heavy metals of KBm and 
Chi-KBm.
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4.4. Conclusions

Chitosan successfully coated the modified magnetic kelp biochar, resulting in a 

novel adsorbent having a magnetic core and a surface rich with active sites 

(superficial functional groups). This coupling enhanced the removal efficiency of 

the heavy metals ions from the wastewaters (surface effect) with an outstanding 

recovery rate (separation). Moreover, the adsorption capacity was affected by the 

pH value of the solution, and the maximum Cu2+ adsorption capacity was found 

at pH 6.93. Overall, the results confirmed that Chi-KBm would be a promising 

adsorbent for the wastewater treatment containing heavy metal ions.
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Chapter 5.

Conclusion
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According to this study, marine macro-algae based biochars exhibited efficient 

heavy metal removal capabilities due to their inherent properties such as  

abundant oxygen-containing functional groups (i.e., –COOH, –OH groups, etc.) 

and high pH as well as low zeta potential. The removal capacities of kelp 

biochar were about 11 times higher for Cu2+, 12 times for Cd2+, and 16 times 

for Zn2+ compared with pine sawdust biochar, even though the specific surface 

area was 320 times lower than that of pine sawdust biochar due to the low 

lignin contents of marine macro-algae biochar.

Marine macro-algae biochar was modified using iron oxide particles (mainly γ

-Fe2O3 and Fe3O4) as magnetic agents to improve separation process from 

aqueous solution. These magnetic marine algae biochars (KBCmag and HBCmag) 

exhibited a high adsorption ability and they could be easily collected from the 

aqueous solution with the magnetic force. As the iron doping concentration was 

increased to provide magnetic properties, the separation behavior of the magnetic 

biochars was strongly enhanced (increased from 0 to 100% separation), while 

their heavy metal removal capacities decreased gradually (from 70 to 56 mg/g). 

Based on our results, the optimum concentration of iron solution for 

magnetization was determined to be 0.025~0.05 mol/L, where the biochar can be 

separated efficiently without sacrificing its heavy metal adsorption capacity. 

The chitosan layer coating for enhancing the heavy metal adsorption of the 

magnetic biochars formed active sites of various functional groups such as NH –

and C N bands on the surface of the chitosan modified magnetic biochar. –

Therefore, this coupling process improved the copper adsorption capacity without 

sacrificing the separation efficiency at iron loadings of 0.05 mol/L of more. 

Moreover, the adsorption capacity was affected by the pH value of the solution, 

and the maximum Cu2+ adsorption capacity was found at pH 6.93. 

Overall, our chitosan-modified magnetic biochar is considered to be appropriate 

for the wastewater treatment process due to their excellent heavy metal 
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adsorption ability and easy recovery after use. However, further research on the 

regeneration and reuse of the utilized magnetic biochar should be carried out. 

Indeed, our research group is currently conducting such studies, and the results 

should serve to extend the findings of the current research.
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