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ABSTRACT 

Heavy metal pollution is harmful to the environment, which seriously endangers 

social development and people's health. The removal of heavy metals is one of the hot 

issues of current research. Since the heavy metal itself has a small ionic radius and is 

easily adsorbed by the micropores of the activated carbon, it is an ideal treatment 

method for removing heavy metals. Heavy metal ions are divided into anions and 

cations. Among them, the cationic heavy metal represents Cd(II), and the anion heavy 

metal represents Cr(VI), which is harmful to the environment and the human body. For 

cadmium, the surface functional groups of activated carbon can provide attraction to 

the adsorbate and accelerate the adsorption process. Therefore, in order to increase the 

adsorption amount of Cd(II), the most common method is to load the functional group 

on the surface of the activated carbon. For Cr(VI), it is possible to increase the specific 

surface area and increase the nitrogen content to increase the quaternary nitrogen to 

increase the adsorption amount. 

Based on the different characteristics of Cd(II) and Cr(VI), this study uses different 

activation methods to produce activated carbon with raw materials, thereby increasing 

the adsorption amount and adsorption rate. This study has been studied from the 

following five aspects:  

(1) Isotherm, kinetic and thermodynamic studies for adsorption of Cd(II) from 

aqueous solutions onto mesoporous bamboo activated carbon. In this study, activated 

carbons were prepared from Moso bamboo by N2 carbonization under N2 gas 
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atmosphere, using H3PO4 as activator and oxidized by (NH4)2S2O8 for the removal of 

Cd(II). The physicochemical properties of the prepared activated carbons (BAP) and 

commercially available bead-shaped activated carbon (BAC) were compared. The 

characterization results showed that BAP had higher surface area and mesopore volume 

compared with BAC, and the oxidized sample BAP1 had more surface functional 

groups. Adsorption equilibrium data were analyzed by the Langmuir and the Freundlich 

models. The adsorption equilibrium data were well described by the Langmuir model 

and the maximum adsorption capacity of BAP1-Na was found to be 0.721 mmol/g, 

which was greater than that of BAC1-Na. In the adsorption thermodynamics parameters 

study, the adsorption was spontaneous, favorable and exothermic. The experimental 

kinetic data were best fitted to pseudo-second-order model, and adsorption rate of 

BAP1-Na was faster than that of BAC1-Na. The prepared BAC1-Na showed better 

adsorption capacity for Cd(II) adsorption, and pH, oxidation time, adsorbent dosage 

and temperature also affected adsorption capacity of Cd(II). 

(2) Adsorption, reduction and regeneration behavior of high surface area activated 

carbon in removal of Cr(VI). Hexavalent chromium Cr(VI) pollution problem has 

become increasingly serious. In this study, activated carbon CGP-K3-800 was prepared 

from commercial Norit CGP by using KOH as activator for the removal of Cr(VI). The 

surface area of CGP-K3-800 was increased up to 3098 m2/g. The adsorbent CGP-K3-

800 exhibited an adsorption capacity of 4.99 mmol/g (259.5 mg/g) in the solution pH 

of 2 at 25℃, which was 1.64 times larger than that of the original CGP. Adsorption 



 VI 

equilibrium data were described and analyzed by the Langmuir models, indicating that 

Cr(VI) adsorption on CGP-K3-800 tended to be monolayer adsorption. The calculated 

thermodynamic parameters showed that the adsorption process of Cr(VI) onto CGP-

K3-800 was an endothermic process. By investigating the effect of pH, the acid 

condition is conducive to the adsorption and reduction process of Cr(VI). CGP-K3-800 

had good regeneration performance, and the reduction ability of Cr(VI) on the CGP-

K3-800 would be gradually lost. CGP-K3-800 shows a higher adsorption capacity and 

better regeneration performance in removal of Cr(VI), can be applied as a promising 

adsorbent for the removal of Cr(VI) from wastewater. 

(3) Adsorption behavior of Cr(VI) by N-doped biochar was derived from bamboo. 

In this study, N-doped biochar BZ-9.5AG-30min was prepared from bamboo by using 

ZnCl2 as activator and heat treated at 950℃ under NH3 gas flow for the removal of 

Cr(VI). The adsorbent was characterized by BET, and the amount of introduced 

nitrogen content and nitrogen species on BZ-9.5AG-30min was examined by CHN 

elemental analyzer and X-ray photoelectron spectroscopy, respectively, Herein, the 

obtained BZ-9.5AG-30min had a high specific surface area (1610 m2/g) and high N 

content (4.52%). The pH of the solutions had a great influence on the adsorption process, 

indicating that the acid condition is conducive to the adsorption process of Cr(VI). 

Adsorption equilibrium data of Cr(VI) were analyzed by the Langmuir and the 

Freundlich models. The adsorption equilibrium data were well described by the 

Langmuir model, and BZ-9.5AG-30min had excellent adsorption capacity for Cr(VI) 
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(4.31 mmol/g). BZ-9.5AG-30min showed superior recyclability, and after five times 

regenerations, the adsorption capacity of BZ-9.5AG-30min still had 63% of the initial 

adsorption capacity. 

(4) Preparation of bean dreg derived N-doped biochar with high adsorption for 

Cr(VI). In this study, N-doped biochar BDC-STM30-10.0HT was prepared from bean 

dreg by using steam activation and heat treated at 1000℃ under helium gas flow for 

the removal of Cr(VI). The properties of the prepared carbon catalysts are characterized 

by CHN elemental analyzer, SEM, N2 adsorption and XPS techniques, and the obtained 

bean dreg biochar BDC-STM30-10.0HT had a high specific surface area (1004 m2/g) 

and high quaternary nitrogen content (1.11%). The results of batch adsorption 

experiments show that the Cr(VI) adsorption capacity of biochar was positively 

correlated with the specific surface area, but it does not only depend on the specific 

surface area, but also other factors. The quaternary nitrogen content also has some 

influence on the adsorption capacity. The adsorption equilibrium data were well 

described by the Langmuir model, and BDC-STM30-10.0HT has excellent adsorption 

capacity for Cr(VI) (3.30 mmol/g). BDC-STM30-10.0HT showed superior recyclability, 

and after five times regenerations, the adsorption capacity of BDC-STM30-10.0HT still 

had 54% of the initial adsorption capacity. 

(5) Preparation of bamboo-based oxidized biochar for simultaneous removal of 

Cd(II) and Cr(VI) from aqueous solutions. Cd(II) and Cr(VI) are highly toxic heavy 

metal ions, which commonly coexist in industrial wastewater. In this study, 
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simultaneous removal of Cd(II) and Cr(VI) by a bamboo-based oxidized biochar (BZ-

APS24h) was investigated. The biochar was modified by ZnCl2 and oxidized with 

(NH4)2S2O8, and its structures as characterized by SEM, BET, elemental composition 

and XPS. Batch adsorption experiments for Cd(II) and Cr(VI) were carried out to 

explore the effects of oxidation time, pH, contact time, temperature and coexistence on 

its adsorption process. The results showed that the BZ-APS24h exhibited excellent 

adsorption performance for the removal of Cd(II) (0.27 mmol/g) and Cr(VI) (0.65 

mmol/g). The adsorption data were fitted well with pseudo-second-order model and 

Langmuir isotherm. The pH of the solutions had a great influence on the adsorption 

process. The coexistence of Cd(II) and Cr(VI) affected the equilibrium pH after 

adsorption, and synergistic adsorption was observed. 
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Chapter 1 General introduction 

1.1 Source and harm of heavy metal wastewater 

The world economy is now experiencing rapid development, but at the same time, 

the environmental problems caused by the development are also becoming more and 

more serious. Due to the acceleration of industrialization, electroplating, fuel, 

metallurgy, mining, and other industries are also rapidly expanding, and these industries 

are prone to heavy metal pollution during the production process, such as lead, 

cadmium, chromium, copper, nickel pollution, etc. in the production process [1]. 

Because heavy metal ions can not decompose on their own, easy to aggregate, and 

difficult to transform in the environment [2], heavy metal ions in the natural 

environment will eventually enter the human body through various channels, which 

will cause serious harm to human health. Therefore, heavy metal pollution control has 

become a research hotspot for environmental workers [3].  

Unlike other organic pollutants, heavy metals tend to accumulate in living 

organisms, and the natural circulation system can not decompose heavy metals by itself. 

Therefore, heavy metal pollution is widely distributed in atmosphere, water, soil, and 

organisms [4]. In the water environment, heavy metals accumulate in aquatic organisms 

such as algae and fish through water bodies, and then enter the human body through the 

food chain and enrich in the body to enrich in the body [5]. When heavy metal is 

excessive, it will inhibit the activity of biological enzymes in the human body. When 

the heavy metals in the human body exceed the tolerance limit of the human body, they 

may cause poisoning and pose a threat to human life and health [6]. Heavy metal ions 



 2 

are divided into anions and cations, Cd(II) is a cation and Cr(VI) is an anion. 

 

1.1.1 Cadmium 

Cadmium is a well-known, highly toxic metal found water. According to the 

guidelines of the World Health Organization, the allowable limit of cadmium in water 

is 0.003 mg/L [7, 8]. Once absorbed by the body, cadmium quickly binds to proteins 

and accumulates in the liver and kidneys [9]. Cadmium is also easily enriched in other 

organs of the human body, such as the spleen, pancreas, thyroid, and hair [10]. The 

damage caused by cadmium to the human body is mainly caused by diabetes and 

leading to bone metabolism and causing osteoporosis [11]. In water, cadmium mainly 

exists as the form of Cd(II) (Cd2+). 

 

1.1.2 Chromium 

 Chromium is a highly toxic heavy metal. Chromium salt is an important inorganic 

chemical product. It usually exists in the form of Cr(III) and Cr(VI) in the natural 

environment [12]. The chromium-containing wastewater is mainly derived from the 

chrome-plating of metal parts, inferior cosmetic raw materials, leather preparations, 

ceramic raw materials, industrial pigments, tanned leather, rubber, etc.; breathing 

through to stimulate and corrode the respiratory tract, can cause pharyngitis, bronchitis 

and other diseases; eating can cause abdominal discomfort and diarrhea, allergic 

dermatitis or eczema. Frequent exposure to or excessive intake of chromium, 

susceptible to rhinitis, tuberculosis, diarrhea, bronchitis, dermatitis, etc [13, 14]. 
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 Cr(VI) is mainly combined with oxygen to form chromate or dichromate. 

Chromium has a high oxidation state and solubility in the state of hexavalent chromium, 

resulting in its strong migration ability and toxicity. As with cadmium, chromium 

toxicity can accumulate through the food chain, causing people were poisoned [15]. 

Cr(VI) is generally considered to be 100 times more toxic than Cr(III) [16]. Cr(III) is 

easy to form oxides or hydroxides separated from water, thus reducing its toxicity. The 

common method of treating Cr(VI) in the industry is to reduce Cr(VI) to Cr(III). 

Excessive Cr(VI) not only causes serious harm to the human body but also inhibits the 

growth of plants and crops [17]. It interferes with the absorption of nutrients in the soil 

by plants, affecting the physiological activities and photosynthesis of plants and crops. 

Moreover, chromium (VI) can also flow into the food chain through polluted water 

sources, which poses a great threat to human health [18]. 

 The main forms of Cr(VI) in the natural water environment are H2CrO4, HCrO4
-, 

CrO4
2-, and Cr2O7

2-. The following balance exists between various forms [19]: 

H2CrO4 ↔ H+ + HCrO4
-          (1-1) 

HCrO4
- ↔ H+ + CrO4

2-             (1-2) 

2HCrO4
- ↔ Cr2O7 + H2O         (1-3) 

  

1.2 Heavy metal removal technology in water 

 Common methods for treating heavy metals in water are mainly divided into 

chemical methods, biological methods, physical-chemical methods [20].  
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1.2.1 Chemical methods 

Chemical treatment methods include precipitation, flocculation, redox, and 

electrolysis. The precipitation method mainly produces insoluble matter precipitated by 

adjusting the pH of the whole solution, so that Cu(II), Zn(II), Cr(III), Cd(II) and Ag(II) 

are converted into precipitates for removal [21]. For Cr(VI), reducing agents such as 

SO2, NaHSO4, Na2SO4, Fe, FeSO4, etc. are used [22]. Under the acidic condition of pH 

2-4, Cr(VI) is first reduced to Cr(III), and Cr(III) is precipitated from Cr(OH)3 by using 

Ca(OH) 2, NaOH, etc. under alkaline conditions of pH 8-9 [23]. The advantages of 

chemical precipitation methods are a simple process, easy operation, and suitable for 

water with high concentration of heavy metals. However, it is difficult to recover heavy 

metals after precipitation and easy to cause secondary pollution [24].  

 

1.2.2 Biological methods 

 Biological treatment methods usually use microorganisms, biofilm, and activated 

sludge to treat wastewater. Due to the strong metabolic functions of microorganisms, 

algae, and aquatic plants, heavy metal ions in water can be removed through these 

metabolic functions, thus reducing the concentration of heavy metals in water [25]. 

Among them, the remediation of microorganisms and algae method is to use 

microorganisms and algae in natural water to absorb or reduce heavy metal ions in water 

[26]. Another common method is the bacterial method. Bacteria can be used as 

biosorption materials because of their small size, ubiquitous presence in the 

environment and good adaptability to the natural environment. Algae can also adsorb 
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heavy metal ions very well. However, the disadvantage of biomass-based adsorbents is 

that they require higher culture conditions [27]. Meanwhile, due to the limited tolerance 

of microorganisms to heavy metal ions, biological methods are still only suitable for 

treating low-concentration wastewater, and at the same time, there are disadvantages 

such as slow metabolism of microorganisms [28]. 

 

1.2.3 Physical-chemical methods 

 Common physical-chemical treatment methods include ion exchange method, 

membrane separation method, and adsorption method.  

(1) Ion exchange method 

Ion exchange is a method of removing heavy metal ions from water by using 

functional groups on the surface of ion exchange resin. Exchange ions on functional 

groups can be exchanged with heavy metal ions, thus removing heavy metals. Common 

ion exchange resins are cation exchange resins, anion exchange resins, chelating resins, 

and humic acid resins [29]. Usually, OH- and other exchangeable anions on the anion 

ion exchange resins can be exchanged with CrO4
2- or Cr2O7

2- in wastewater to replace 

Cr(VI); for cation exchange resins, Na+ and H+ ions can be exchanged with Cd2+, Ag+, 

Pb2+ or other heavy metal cations in wastewater [30].  

Ion exchange is one of the most ideal methods for the treatment of heavy metal 

ions. Its advantages are large processing capacity, good effluent quality, high selectivity, 

selective recovery of precious metals from wastewater containing various metal ions, 

and removal. However, the price of ion exchange resins is relatively high. Therefore, 
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the ion exchange method is less used in larger-scale wastewater treatment projects [31]. 

(2) Membrane separation method 

As a new and efficient water treatment technology, membrane separation 

technology has attracted wide attention. [32]. The membrane separation process for 

wastewater treatment includes electrodialysis and reverse osmosis membranes [33]. 

Electrodialysis refers to the process of separating the heavy metal ions in the solution 

from the water by the selective permeability of the anion and cation exchange 

membranes in the solution under the action of a direct current electric field [34]. 

Electrodialysis treatment of wastewater requires sufficient conductance to increase the 

permeation efficiency, so the concentration of electrolyte in the treated water should 

not be too low. [35]. And the reverse osmosis membrane is a process in which pressure 

is applied to one side, and only water can penetrate so that other substances are trapped 

on the surface of the membrane. Reverse osmosis has the advantages of simple design 

and operation and has the advantages of high purification efficiency, short construction 

period, and environmental friendliness. However, during the operation, the membrane 

module has a complicated process, a short life span, and is easily contaminated [36]. 

(3) Adsorption method 

The adsorption method is a method of treating wastewater using a porous solid 

adsorbent [37]. The adsorption force between the adsorbent and the adsorbate is divided 

into three categories: physical adsorption (adsorption by intermolecular forces), 

chemical adsorption (adsorption by chemical bond force), and exchange adsorption 

(heavy metal ions accumulate on the charged points on the surface of the adsorbent due 
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to electrostatic attraction and replace other ions) [38]. At present, these three 

adsorptions coexist in the process of wastewater adsorption. With the changes of 

adsorbents, adsorbates, and other factors, the dominant adsorption effect will change. 

There are many kinds of adsorbents. At present, the most commonly used adsorbent in 

industrial wastewater treatment is activated carbon, in addition to polymers, zeolites, 

bentonite, fly ash, natural minerals, agricultural and forestry wastes, and other 

carbonaceous adsorbents [39]. Among the methods of heavy metal wastewater 

treatment, the adsorption method has the advantages of high processing efficiency, 

simple operation, and low process cost and is one of the most widely used heavy metal 

sewage treatment technologies [40]. Many studies have proved that the activated carbon 

adsorption method is an effective technical method for the treatment of heavy metal 

pollution. Whether it is for single heavy metal ions or mixed pollution wastewater, 

activated carbon adsorption method has a good treatment effect [41]. 

 

1.3 Adsorption of heavy metals by activated carbon 

 Activated carbon has excellent adsorption capacity, mainly because of its well-

developed pore structure and abundant surface functional groups [42]. Carbon pores 

are produced during the activation process. When heated at high temperatures, the 

organic matter in the raw material is removed, and many pores with different shapes 

and sizes are formed between the basic lattices. The main parameters of activated 

carbon are specific surface area, pore-volume, and pore size distribution. Generally, the 

larger the specific surface area and pore volume, the greater the adsorption capacity of 
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activated carbon [43]. International Union of Pure and Applied Chemistry (IUPAC) 

classifies pores into three categories according to their size: macropore with a pore 

diameter greater than 50 nm, mesopore with a pore diameter between 2 and 50 nm, and 

micropore with a pore diameter less than 2 nm. The micropores are the main 

contribution of activated carbon with a large specific surface area so that the biomass 

charcoal can absorb the molecules of the small molecules [44]. In the process of 

pyrolysis of biomass feedstock, as the pyrolysis temperature increases, the loss of H2O, 

H2, CO, CO2, hydrocarbons, tar vapor, etc., volume decreases, but the formed carbon 

skeleton substantially retains the original pore structure characteristics of the raw 

material [45]. The macroporous structure of activated carbon is mainly composed of 

the honeycomb structure of the raw material, while the micropores are formed by the 

loss of carbon during the pyrolysis process and the shrinkage of the carbon framework. 

The micropore content determines the specific surface area of the activated carbon [46]. 

 Conventional activated carbon activation methods are divided into physical 

activation method and chemical activation method. The physical activation method 

generally first carbonizes the raw materials, and then activates the materials at a high 

temperature with a gas such as water vapor or carbon dioxide. In the physical activation, 

the activated gas reacts with the carbon atom on the "active point" inside the carbon 

material, and forms a large number of pore structures by opening, expanding, and 

creating new pores [47]. The chemical activation method is a preparation process in 

which raw material and an activator are mixed according to a certain impregnation ratio, 

and carbonization is activated under anaerobic conditions, in which an activator is 
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embedded in raw material or a carbon particle, and then subjected to a high temperature. 

The series of cross-linking, dehydration and polycondensation reactions produce 

abundant pores and functional groups. Commonly used activators are ZnCl2, H3PO4 

and KOH [48]. 

 In order to further improve the physical and chemical properties of the active 

carbon and the adsorption amount of heavy metals, some physical or chemical 

modification methods can be used to change the pore size of the active carbon and the 

pore structure such as the pore diameter distribution, or to change and increase the 

acidic functional group content of the activated carbon surface [49]. Commonly used 

modification methods are mainly oxidation, reduction, and load-bearing metal methods. 

Oxidation modification refers to the use of an oxidizing agent to oxidize the surface of 

the active carbon material, increase the content of oxygen-containing functional groups 

on the surface, and enhance the surface polarity. Commonly used oxidizing agents are 

mainly HNO3, O3, H2O2, (NH4)2S2O8, and so on [50]. The reduction method is to treat 

and modify the surface of the activated carbon by a reducing agent, thereby increasing 

the ratio of the alkali group, enhancing the non-polarity of the surface, and improving 

the adsorption effect on the non-polar substance [51]. It is also possible to increase the 

adsorption capacity of activated carbon for heavy metals by loading some metal ions 

with catalytic activity [52].  

 In the above modification method, the most common and effective modification 

method for adsorbing heavy metal cations is to introduce an oxygen-containing 

functional group on the surface of the activated carbon. The oxygen-containing 
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functional groups on the surface of the activated carbon can lower the surface pHpzc 

(Point of zero charge) value to improve the hydrophilicity, adsorption selectivity, ion 

exchange capacity, and affinity for heavy metal ions of the activated carbon [53].  

 

1.4 Adsorption models 

1.4.1 Adsorption isotherms 

 The theoretical equilibrium adsorption capacity of activated carbon for heavy metal 

ions is an important indicator to measure its adsorption capacity. In isothermal 

conditions, to characterize the adsorption phenomenon occurring on the solid surface 

in solution, the commonly used fitting models are the Langmuir isotherm model and 

the Freundlich isotherm model [54]. Langmuir isotherm model is a theoretical formula, 

which is based on three assumptions: (1) the adsorbent surface is uniform, and the 

adsorption energy is the same everywhere; (2) the adsorption is a monolayer, and when 

the adsorbent surface is saturated with the adsorbate, its adsorption capacity reaches the 

maximum; (3) there is no interaction between the adsorbed molecules [55]. The 

equation is as follows [56]: 

𝐶𝑒

𝑄𝑒
=

1

𝑋𝑚𝐾𝐿
+

1

𝑋𝑚
𝐶𝑒,           (1-4) 

 

where, Xm (mmol/g) represents the theoretical maximum adsorbed amount of Cr, and 

KL (L/mmol) Langmuir constant related to adsorption energy.  

 Freundlich isothermal model is an empirical formula, which shows that the 

adsorption occurs on heterogeneous surfaces and is multiphase adsorption. The 
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expression is as follows [57]. 

ln𝑄𝑒 = ln𝐾𝐹 +
1

𝑛
ln𝐶𝑒,     (1-5) 

where KF is the Freundlich constant, and 1/n is the heterogeneity factor. The greater the 

value of n, the better the adsorption performance. 

1.4.2 Adsorption kinetics 

 Adsorption kinetics are usually used to describe the amount of adsorbent 

adsorbed in the liquid phase per unit time and to reveal the adsorption mechanism. The 

commonly used adsorption kinetics models are pseudo-first-order kinetics model and 

pseudo-second-order kinetic model [58]. The linearized forms of the models are shown 

as follows [59]: 

ln(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑛𝑄𝑒 − 𝑘1𝑡    (1-6) 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +

𝑡

𝑄𝑒
,              (1-7) 

where Qe is the amount of Cr(VI) adsorbed at equilibrium (mmol/g), Qt is the adsorbed 

amount of Cr(VI) (mmol/g) at time t (min). k1 and k2 are the rates constant of the 

pseudo-first-order model (L/min) and the pseudo-second-order model (g/mmol•min). 

 

1.5 The organization of this thesis 

 This research mainly aimed at the problems of the high production cost of activated 

carbon, low adsorption performance to heavy metals, slow adsorption rate, and inability 

to adsorb anions and cations at the same time. By developing a new preparation method 

of activated carbon, the physical and chemical properties of the prepared activated 

carbon are improved. And explores the adsorption mechanism of activated carbon on 
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heavy metal ions to improve its adsorption performance.  

 In chapter 2, to increase the adsorption rate of heavy metal Cd(II), activated carbon 

BAP having a high mesopore volume was prepared using bamboo as raw material and 

using phosphoric acid as an activator. The high mesoporous volume of activated carbon 

has a faster adsorption rate, but because the surface does not have an oxygen-containing 

functional group, the surface of BAP was oxidized and Na ion-exchanged using 

ammonium persulfate, thereby producing a high adsorption rate for Cd(II).  

 In chapter 3, the commercial activated carbon NORIT CGP SUPER (CGP) was 

further activated by KOH, and the specific surface area of CGP was increased to 3098 

m2/g, thereby greatly increasing the adsorption amount of Cr(VI). Moreover, the 

adsorption and reduction cycles were studied in the experiment, and the regeneration 

performance of activated carbon was evaluated. 

 In chapter 4, the N-doped biochar was prepared by using activators ZnCl2 and NH3. 

By increasing the nitrogen content of biochar, it was found that increasing the nitrogen 

content can effectively increase the adsorption of Cr(VI) by biochar. The adsorption 

properties and adsorption behavior of NH3 activated biochar on heavy metal Cr(VI) 

were investigated to explain the adsorption contribution of quaternary nitrogen to heavy 

metal Cr(VI). 

 In chapter 5, based on the research in chapters 5, a high nitrogen content biochar 

was prepared using the bean dregs, and a steam activation method without secondary 

pollution was used. By preparing samples with different specific surface areas, the 

relationship between specific surface area and adsorption amount, and the role of 
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quaternary nitrogen in adsorption were discussed. The adsorption mechanism of Cr(VI) 

on N-doped biochar was investigated. 

In chapter 6, the possibility of bamboo-based oxidized biochar for simultaneous 

removal of Cd(II) and Cr(VI) was discussed. By studying the pH changes during the 

simultaneous adsorption process and the interaction of Cd(II) and Cr(VI) ions, the 

adsorption properties and adsorption mechanism of the prepared biochars for the 

simultaneous adsorption of heavy metals Cd(II) and Cr(VI) were investigated. 

 In chapter 7, the conclusions of this study are summarized, and the prospect for the 

future is given. 
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Chapter 2 Isotherm, kinetic and thermodynamic studies for adsorption of Cd(II) 

from aqueous solution onto mesoporous bamboo activated carbon 

 

2.1 Introduction 

Cadmium is a common toxic metal and can cause several diseases, including lung 

dysfunction, renal dysfunction, cancer, disease, and high blood pressure [1]. According 

to WHO regulations, the maximum allowable concentration of cadmium in drinking 

water is 0.003 mg/L [2]. Therefore, the removal and elimination of cadmium from 

contaminated water and wastewater are necessary to protect the environment and 

human health. 

Activated carbon is a black porous material that has been activated by physical or 

chemical methods [3]. It has the characteristics of internal porosity development, large 

specific surface area, and high adsorption capacity [4]. Activated carbon is stable nature, 

high acid, and alkali resistance and heat tolerance, insoluble in water or organic solvents, 

and easy to regenerate, so it is widely used as an environment-friendly adsorbent [5]. 

Bamboo is abundant, especially in Asia, and possesses the rapid growth ability 

compared to other plants because it can be matured at only 3-5 years of age so that 

bamboo could be regarded as cheaply available material [6, 7]. Surface physical 

structure modification for activated carbon refers to the process by physical or chemical 

activation methods to increase the specific surface area [8], to change the pore volume 

and structure, and to adjust the pore size distribution, thus changing the physical 

adsorption properties of activated carbon. In the chemical activation method, raw 
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material is crushed first, and the activator and the crushed raw materials are mixed with 

the desired percentage. According to the different activators, raw materials were 

selectively heated under inert atmosphere, to complete carbonization and activation of 

the materials. The main activator used is ZnCl2 [9-11], H3PO4 [12-14], alkali such as 

KOH [15] and NaOH [16, 17].  

The H3PO4 activation method is relatively mature. After the dephosphorylation 

process, wide pore distribution can be obtained in the activated carbon. Comparing with 

the alkali activation method, the H3PO4 activation method has relatively low 

requirements for the equipment. The activated carbon products of the H3PO4 activation 

method are stable. Thereby, H3PO4 activation method can be used as an excellent liquid 

adsorption material. 

Under the appropriate conditions, the use of oxidants for the activated carbon surface 

oxidation can improve the amount of oxygen-containing functional groups such as 

carboxy, lactone and hydroxy on the carbon surface, enhancing the hydrophilicity of 

activated carbon surface and improving its adsorption capacity of toxic metal ion [18, 

19]. 

This study aimed to perform the adsorption of Cd(II) in aqueous solution onto 

activated carbon prepared from bamboo comparing with the commercially available 

bead-shaped activated carbon (BAC), and kinetic, and equilibrium adsorption 

characteristics were discussed. 
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2.2 Materials and methods 

2.2.1 Preparation of activated carbons 

Moso bamboo obtained in Aichi prefecture, Japan, was cut into chips of 8 mm width, 

10 mm length and 5 mm thickness and used as a precursor for preparation of adsorbent. 

The bamboo chips were dried in an oven at 110°C for one hour, followed by immersion 

in 3 M NaOH solution for three hours at 90°C. Then, the sample was washed with 0.1 

M HCl and hot distilled water and dried again in an oven at 110°C overnight. About 15 

g of the base-treatment bamboo chips were impregnated with 300 mL of H3PO4 solution 

with impregnation ratio of 3 g/g for eighth. Impregnation was carried out at 70°C to 

ensure proper penetration of H3PO4 in the raw material and the mixture was dried in an 

oven at 110°C overnight. The resulting mixture was transferred to a steel tube reactor 

and heated up to 500°C under N2 gas atmosphere and hold for one hour. The N2 gas 

flow rate was 200 mL/min. After carbonization, the reactor was cooled to room 

temperature under N2 gas atmosphere. The prepared activated carbon was placed in 1 

M HCl solution, stirred for one hour, rinsed in a Soxhlet extractor for 24 hours, and 

dried overnight at 110°C. The final product was referred to as BAP.  

The activated carbons were oxidized to load the functional groups. (NH4)2S2O8 

solution was used as an oxidant. It was dissolved in 1 M H2SO4, and the ratio of 

(NH4)2S2O8 to sulfuric acid was 60 g: 100 mL (w/v). The prepared BAP was added into 

in the (NH4)2S2O8 solution and oxidized at 30°C for 1-3 days. The obtained sample was 

named as BAPx, where x was the number of days for oxidation. For comparison, 

commercially available bead-shaped activated carbon (BAC) was also subjected to the 
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same oxidation treatment for one day and referred to as BAC1. 

In the adsorption isotherm and kinetic experiments, the activated carbon was 

subjected to Na+ treatment in order to keep the solution pH constant during the 

adsorption. Na-intercalated activated carbons were prepared by adding 2 g of BAPx and 

BAC1 into 500 mL of 0.5 mol/L sodium chloride solution. The solution pH during ion 

loading was adjusted to 4.0. The mixtures were stirred continuously for 6 hours, and 

then filtered and washed in a Soxhlet extractor for 24 hours to remove chloride anions 

and other impurities, and the samples were referred to as BAPx-Na (x=1,2,3) and 

BAC1-Na, respectively. 

 

2.2.2 Characterization of activated carbon 

Specific surface area (SBET), mesopore volume (Vmeso) and micropore volume (Vmicro) 

for the prepared activated carbons were analyzed by N2 adsorption-desorption at 

−196°C with a surface area and pore size analyzer. The αs-plot with subtracting pore 

effect (SPE) method was applied to estimate the micropore volume (Vmicro). The 

mesopore volume (Vmeso) was obtained from the difference between Vtotal and Vmicro. 

The amounts of acidic surface functional groups and basic sites for the prepared 

activated carbon were quantified by Boehm titration method. About 0.05 g of the 

prepared activated carbon were added into 25 mL of 0.05 M Na2CO3, 0.1 M NaOH, 0.1 

M HCl or 0.1 M NaHCO3 solution in flasks. The flasks were shaken at 100 rpm for 48 

hours at 25℃. NaHCO3 neutralizes only the carboxy group on the surface of the carbon, 

and Na2CO3 neutralizes the carboxy and lactone groups, while NaOH neutralizes the 
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carboxy, lactone and phenolic hydroxyl groups. The amount of the corresponding 

functional group can be calculated from the difference in alkali consumption. 

 

2.3 Results and discussion 

2.3.1 Characterization of activated carbon 

The nitrogen adsorption-desorption isotherm curve of the BAP is shown in Fig. 2-1. 

From Fig. 2-1, a type IV isotherm was observed, which indicates the mainly 

mesoporous structure existence. The textural and surface properties of the prepared 

activated carbons are shown in Table 2-1. The data showed that the highest surface area 

and the highest mesopore volume were obtained for BAP. In the oxidized samples, the 

amount of acidic functional groups was larger than that for the non-oxidized sample, 

and the surface area and pore volume were significantly decreased. BAP was introduced 

with more acidic functional groups than BAC under the same period of oxidation. 
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Table 2-1 Textural and surface properties of each prepared activated carbon 

Sample 
SBET 

[m2/g] 

Vmicro 

[cm3/g] 

Vmeso  

[cm3/g] 

Surface functional groups of each sample 

[meq/g] 

Carboxy Lactone Hydroxy Basic 

BAC 1380 0.57 0.03 0.00 0.16 0.10 0.60 

BAP 1470 0.32 1.64 0.00 0.00 0.19 0.06 

BAC1 940 0.34 0.12 2.40 0.23 1.48 0.00 

BAP1 580 0.14 0.24 3.71 0.26 3.65 0.00 

 

 

Fig. 2-1 Nitrogen sorption isotherm of BAP 

 

2.3.2 Effect of equilibrium pH 
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In the process of Cd(II) adsorption on activated carbon, Cd(II) ions were exchanged 

with hydrogen ions on the surface carboxy group or other functional groups of the 

oxidized activated carbon, causing the decrease in the solution pH. It is also obvious 

from Fig. 2-2 that the decrease in the pH would reduce the adsorption capacity. In the 

experiments of adsorption isotherms and adsorption kinetics, Na-intercalated activated 

carbons were used. 

 

Fig. 2-2 The Cd(II) adsorption capacity of BAP1 under different equilibrium pH 

values (Amount of adsorbent: 50 mg. Solution volume: 25 mL).  
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investigate the adsorption process of Cd(II) at 25°C and the different isotherm constants 

determined were presented in Table 2-2. 

Through the Langmuir and Freundlich data fitting of adsorption isotherms of Cd(II) 

for BAP1-Na, the R2 values were greater than 0.999, indicating that the two models can 

be a good description of Cd(II) adsorption behavior. In the Langmuir isothermal 

adsorption model, RL was 0.008 (0 ≤ RL ≤ 1), indicating favorable adsorption of Cd(II) 

on the AC samples.  

In the Freundlich isothermal adsorption model, n = 12.804 also draw the same 

conclusion. Fitting of experiment data to Langmuir model is slightly better than 

Freundlich model, indicating that Cd(II) adsorption onto modified activated carbon 

tended to be monolayer adsorption. Similar trends could be drawn from the adsorption 

isotherms experiments data of BAC1-Na. Comparison of the maximum adsorption 

capacity (Xm) of two adsorbents in adsorption isotherm experiment, the Xm value for 

BAP1-Na was larger than that for BAC-APS-Na, implying that the adsorption capacity 

of BAP1-Na was better than that of BAC1-Na. This may be because BAP has a greater 

specific surface area than BAC, as shown in Table 2-1. And adsorption capacity of Cd(II) 

was higher than that reported by Mohan et al. [20] (0.34 mmol/L), Lu et al. [21] (0.11 

mmol/L) and Moreno-Tovar et al. [22] (0.39 mmol/L).  
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Table 2-2 Langmuir and Freundlich parameters of Cd(II) at 25°C in aqueous solutions 

  Langmuir model   Freundlich model 

 Sample 
Xm 

[mmol/g] 

KL 

[L/mmol] 
RL R2   n 

KF 

[(mmol/g)(mmol/L)n] 
R2 

BAP1-Na 0.721 16.4 0.008 0.999   12.8 0.634 0.930 

BAC1-Na 0.494 7.44 0.166 0.995   14.3 0.421 0.923 

 

 

 

Fig. 2-3 Adsorption isotherms of Cd(II) for 48 h at 25°C (Amount of adsorbent:  

50 mg. Solution volume: 25 mL). 
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(2) Adsorption thermodynamics parameters 

Adsorption isotherms of Cd(II) for BAP1-Na at the temperature of 298, 308, 318K 

are shown in Fig. 2-4. The thermodynamic parameters, Gibbs free energy change ΔG° 

(kJ mol-1), enthalpy change ΔH° (, kJ mol-1) and ΔS° (entropy change, J mol-1K-1) are 

calculated by Eqs.(2-1) , (2-2) and (2-3). 

∆𝐺° = −𝑅𝑇ln𝐾𝑑              (2-1) 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°            (2-2) 

ln 𝐾𝑑 = −
∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
 ,           (2-3) 

where R (8.314 J mol-1 K-1) is a general gas constant, T (K) is the thermodynamic 

temperature, and Kd (L mg-1) is the standard thermodynamic equilibrium constant 

defined by qe/Ce, which is from the Langmuir equation (KL) or Freundlich equation kf. 

The correlation coefficients (R2) are given in Table 2-3. Because Cd(II) adsorption data 

on the BAP1-Na fitted better with the Langmuir adsorption isothermal equation in this 

study, the Langmuir adsorption isothermal constant was used. The slopes and intercepts 

of the plots of ln Kd vs. 1/T were shown in Fig. 2-5. The values of ΔH°, ΔS°, and ΔG° 

for Cd(II) adsorption on BAP1-Na are given in Table 2-4. The negative values of ΔH° 

indicated an exothermic process of adsorption, and the negative values of ΔS° showed 

that the system of Cd(II) adsorption disorder decreased at the solid/solution interface 

during adsorption. The negative value of ΔG° indicates that all adsorption process were 

viable and spontaneous, similar to that reported by Mohan et al. [20] for the adsorption 

of Cd(II). 
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Table 2-3 Langmuir and Freundlich parameters of Cd(II) at different temperature 

   Langmuir model   Freundlich model 

 Sample 

Temperature 

[K] 

Xm 

[mmol/g] 

KL 

[L/mmol] 

RL R2   n 

KF 

[(mmol/g)(mmol/L)n] 

R2 

BAP1-Na 

298 0.721 16.4 0.008 0.999   12.8 0.634 0.930 

308 0.670 13.6 0.009 0.998  17.4 0.597 0.899 

318 0.610 12.4 0.010 0.996   28.8 0.563 0.584 

 

Table 2-4 Adsorption thermodynamic parameters for Cd(II) adsorbed on BAP1-Na 

ΔS° 

[J/mol K] 

ΔH° 

[kJ/mol] 

ΔG° (298K) 

[KJ/mol] 

ΔG° (308K) 

[KJ/mol] 

ΔG° (318K) 

[KJ/mol] 

-14.1 -11.1 -6.89 -6.74 -6.60 
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Fig. 2-4 Adsorption isotherms of Cd(II) for 48 h at 298K, 308K and 318K 

(Amount of adsorbent: 50 mg. Solution volume: 25 mL). 
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Fig. 2-5 Plot of ln Kd vs. 1/T for Cd(II) adsorption on BAP1 

 

2.3.4 Cd(II) adsorption kinetics of the prepared AC 

In the adsorption experiment, 0.1 g of the prepared activated carbons were mixed 

with 100 mL of 500 mg/L Cd(II) solution and agitated at 100 rpm at 25°C and the 

solution pH was not adjusted.  

 

(1) Effect of adsorbent type 

The effects of adsorbent type on Cd(II) adsorption were compared. The amount of 

Cd(II) adsorbed on the AC was studied as a function of shaking time at different 
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and adsorption capacity is shown in Fig. 2-6. 
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It is evident from these figures that the adsorptivity of Cd(II) was enhanced with the 

increase in contact time from 0 to 20 min, and was almost saturated after 20 min BAC1-

Na. The adsorption rate of BAP1-Na was significantly faster than BAC1-Na, and was 

almost saturated after 10 min. Under the same experimental conditions, the adsorption 

capacity of Cd(II) for BAP1-Na was higher than that of BAC1-Na. 

 

Fig. 2-6 Effect of adsorbent type on Cd(II) adsorption rate (Amount of 

adsorbent: 100 mg. Solution volume: 100 mL). 
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With increasing the oxidation time, the adsorption capacity of Cd(II) was also 

increased. This trend would be due to the increased oxidation time after the activated 

carbon was loaded with more acidic functional groups. Mena Aguilar et al. had the same 

conclusion in studying the Pb(II) adsorption onto oxidized activated carbon fiber [23]. 

 

Fig. 2-7 Effect of Oxidation time on Cd(II) adsorption rate (Amount of adsorbent: 

100 mg. Solution volume: 100 mL). 
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capacity of Cd(II) with different adsorbent dosages. With the increase in the amount of 

adsorbent dosage, the accumulation of particles causes the aggregation and overlap of 

the adsorption sites, resulting in a decrease in the available surface area of the 

adsorbents and an increase in the length of the diffusion path. 

 

Fig. 2-8 Effect of adsorbent dosage on Cd(II) adsorption rate (Amount of 

adsorbent: 100 mg. Solution volume: 100 mL). 
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analysis are shown in Tables 2-5 - 2-7. 

The pseudo-first-order model has lower correlation coefficient (R2) when compared 

to the pseudo-second-order models, and all R2 values are greater than 0.99 for pseudo- 

second-order models. The prepared BAP1-Na displayed higher adsorption rate than 

BAC1-Na. This may be due to the higher surface area and larger mesopore volumes for 

BAP than BAC, which cause higher adsorption rate. 

The adsorption rate for Cd(II) decreased with the increase in oxidation time. With the 

increase of the oxidation time, and the number of acidic functional groups on the 

activated carbon surface, the adsorption capacity was also increased, and the adsorption 

rate was decreased. With the increase of the activated carbon dosage, the time for 

adsorption equilibrium was decreased. It may be due to the enhanced number of active 

sites for adsorption. 
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Table 2-5 Kinetic parameters obtained for Cd(II) adsorption using different 

adsorbents 

Sample 

Pseudo-first-order model  Pseudo-second-order model 

k1 

[1/h] 

Qe1 

[mmol/g] 
R2  

k2 

[g/mmol h] 

Qe2 

[mmol/g] 
R2 

BAC1-Na 0.107 1.10 0.977  0.253 0.797 0.994 

BAP1-Na 0.110 4.43 0.832  2.343 0.833 0.999 

 

Table 2-6 Effect of oxidation time on kinetic parameters obtained for Cd(II) 

adsorption  

Sample 

Pseudo-first-order model  Pseudo-second-order model 

k1 

[1/h] 

Qe1 

[mmol/g] 
R2  

k2 

[g/mmol h] 

Qe2 

[mmol/g] 
R2 

BAP1-Na 0.110 4.43 0.832  2.34 0.833 0.999 

BAP2-Na 0.414 0.088 0.811  1.27 0.906 0.999 

BAP3-Na 0.119 0.887 0.959  0.703 1.244 0.999 
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Table 2-7 Effect of adsorbent dosage on kinetic parameters obtained for Cd(II) 

adsorption 

Sample 

Adsorbent 

dosage 

[g/L] 

Pseudo-first-order model  Pseudo-second-order model 

k1 

[1/h] 

Qe1 

[mmol/g] 
R2  

k2 

[g/mmol h] 

Qe2 

[mmol/g] 
R2 

BAP1-Na 

0.5 0.088 2.34 0.332  0.596 1.16 0.999 

1.0 0.110 4.43 0.832  2.34 0.833 0.999 

2.0 0.069 7.25 0.544  3.30 0.730 0.999 

 

2.4 Conclusions 

Moso bamboo was used as a precursor for the production of mesoporous activated 

carbon by H3PO4 activation, and it was indicated that the prepared activated carbon 

BAP had high surface area (1470 m2/g) and mesopore volume (1.64 cm3/g). The initial 

solution pH played an important role in the removal of Cd(II) from aqueous phase, and 

the decrease in pH resulted in the decrease in the amount of cadmium adsorbed by 

activated carbon. The oxidized activated carbon BAP1-Na could keep the pH of the 

solution constant during the adsorption process, and it was very effective for the 

removal of Cd(II). The adsorption equilibrium was well explained by the Langmuir 

isotherm and the pseudo-second order kinetics. BAP1-Na showed higher adsorption 

capacity and adsorption rate than those of BAC1-Na. According to the adsorption 

thermodynamics parameters study, the ΔH° value was negative, suggesting an 

exothermic process and the negative value of ΔS° showed that the system of Cd(II) 

adsorption disorder decreased at the solid/solution interface during adsorption. 
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Oxidation time, adsorbent dosage and temperature could affect the adsorption capacity 

and kinetics of Cd(II). 
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Chapter 3 Adsorption, reduction and regeneration behavior of high surface area 

activated carbon in removal of Cr(VI) 

 

3.1. Introduction 

 

With the development of global industrialization, environmental pollution has 

become increasingly serious. In view of the harm of heavy metals to human beings, 

heavy metal pollution in water has become one of the hot research issues in 

environmental research [1]. Chromium is a recognized carcinogen which is widely 

found in environmental media [2]. The chromium pollution mainly comes from 

wastewater in industries such as leather tannins, electroplating, metallurgy, printing and 

dyeing. In addition, some natural activities (volcanic activity and rock weathering) also 

produce chromium pollution [3]. These chromium elements can accumulate in body 

through the food chain, and excessive chromium content in human body will lead to 

upper respiratory tract stimulation, causing liver and kidney failure and even cancer [4, 

5]. 

Chromium mainly presents as Cr(III) and Cr(VI) in the environment. Cr(III) is 

approximately 500 times less toxic than Cr(VI) [6], while Cr(VI) has good water 

solubility and stronger toxicity. Cr(VI) can be easily absorbed and accumulated by 

human body, especially by kidneys, stomach and liver [7]. The permissible limit for 

Cr(VI) in drinking water in Japan is 0.05 mg/L, which is identical to the drinking water 

guideline value recommended by World Health Organization [8]. 
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In the past, the adsorption amount of anion was mainly increased by making 

nitrogen-doped activated carbon. For example, the activated carbon was heated by NH3 

gas at high temperature to enhance the adsorption capacity of nitrate [9]. Heat treatment 

of urea and melamine were applied to enhance the adsorption capacity of Cr(VI) [10]. 

However, nitrogen-doped activated carbon may have complex reaction and produce 

carbon, and nitrogen functional groups tend to degrade during the nitrogen removal 

process, which leads to non-recyclability of activated carbon [11]. Therefore, it is still 

a challenge to prepare activated carbon with high adsorption capacity and recyclable 

carbon. 

Surface structural modification for activated carbon refers to the process of 

increasing the specific surface area by physical or chemical activation methods.  The 

carbonization and activation of the materials were realized by selectively heating raw 

materials under inert atmosphere using different activators. The main activators used 

include ZnCl2 [12, 13], H3PO4 [14], alkali such as KOH [15] and NaOH [16]. It is worth 

noting that KOH activation method can significantly increase the specific surface area 

of activated carbon.  

Previous studies showed that the adsorption amount of Cr(VI) on activated carbon 

was relatively higher under acidic conditions [17]. However, under acidic conditions, 

Cr(VI) has strong oxidation and redox reaction may occur on the surface of activated 

carbon [18]. Therefore, it is necessary to separate the reduction process from the 

adsorption process for the study of adsorption of Cr(VI) onto activated carbon. 

Based on these considerations, the commercial activated carbon NORIT CGP 
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SUPER (CGP) was further activated by KOH in this study, in order to increase the 

adsorption capacity for Cr(VI) in aqueous solution. Moreover, the adsorption and 

reduction cycles were studied in the experiment, and the regeneration performance of 

activated carbon was evaluated. 

 

3.2. Materials and methods 

3.2.1. Preparation of activated carbon 

The activated carbon NORIT CGP SUPER (CGP) was purchased from CABOT 

Company (Japan). The CGP was dried in an oven at 110°C for 1 h. In activation step, 

the samples were mixed with solid KOH by different impregnation ratios (KOH/CGP 

mass ratio of 1:1, 2:1 and 3:1). Then, the mixtures were transferred to a stainless steel 

tube reactor and heated up to temperature range from 500°C to 800°C in N2 gas 

atmosphere and held for 1 hour. The N2 gas flow rate was 400 mL/min. After cooling 

to room temperature, the carbons were placed in 1 M HCl solution, stirred for 1 hour, 

then washed with hot distilled water until the pH in a Soxhlet was unchanged. Finally, 

the activated carbon was dried in an oven at 100°C overnight to remove the moisture, 

then cooled down in desiccators to room temperature. The obtained samples were 

referred to as CGP-Kx-y, where x is the impregnation ratio (g KOH/g CGP) and y is the 

activation temperature in degree centigrade.  

 

3.2.2. Characterization of activated carbon 

 



 48 

The specific surface area (SBET), mesopore volume (Vmeso) and micropore volume 

(Vmicro) of the prepared activated carbon were calculated based on N2 

adsorption/desorption isotherms at −196°C using Bellsorp-mini II (MicrotracBEL, Co., 

Ltd., Japan) surface area analyzer. The surface morphology of the activated carbon was 

observed by Hitachi S-4800 SEM instrument (Hitachi, Japan). The elemental 

composition of C, H and N for the adsorbents was determined with Perkin Elmer 2400 

II (Perkin Elmer Japan, Co., Ltd., Japan), and O content was obtained by difference. X-

ray photoelectron spectroscopy (XPS) analysis was performed using an ULVAC-PHI 

Model-1800 spectrometer. 

 

3.2.3. Batch adsorption 

 

Batch experiments for Cr(VI) adsorption were conducted to examine the 

adsorption and reduction performance of the prepared activated carbons as adsorbents. 

All batch experiments were carried out in Erlenmeyer flask. CGP, CGP-K3-800 and ion 

exchange resin HP555 were mainly compared in the experiment. The effects of the 

adsorbent dosage, contact time, initial pH, initial concentration of Cr(VI) and 

temperature were investigated in the batch experiments. The solution pH was adjusted 

with 0.1 M HCl and 0.1 M NaOH. The flasks were agitated in a thermostatic shaker at 

100 rpm for 24 h. The concentration of Cr(VI) in the aqueous solution was determined 

by 1, 5-diphenylcarbohydrazide using UV-spectrophotometer (UV-2550, SHIMADZU, 

Japan) at 540 nm. The concentration of total chromium was measured by atomic 
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absorption spectrometer novAA300 (Analytik Jena AG, Germany), based on which the 

adsorption amount of Cr(VI) on activated carbons at the equilibrium was calculated by 

the following equation: 

,    (3-1) 

The removal percentage (R%) of Cr(VI) was calculated by the following equation: 

,  (3-2) 

where C0 (mmol/L) represents the initial concentration of Cr(VI), Ce1 (mmol/L) is 

the final adsorption equilibrium concentration of total chromium, Ce2 (mmol/L) is the 

final adsorption equilibrium concentration of Cr(VI) as shown in Fig. 3-1. The m is the 

mass of sample (mg), V is the volume of solvent (mL).  
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Fig. 3-1. State diagram of Cr(VI) before and after adsorption 

 

 

3.2.4 Regeneration experiment 

In regeneration experiment, 100 mg of adsorbents were added in a Erlenmeyer 

flask (500 mg/L) containing 100 mL of Cr(VI) solution with initial pH of 2. Then, the 

Erlenmeyer flask was placed in a reciprocal shaker and agitated at 100 rpm at 25°C. 

Meanwhile, 1 mol/L NaOH solution was used as the desorption agent. In the desorption 

agent, the solution was heated to 90℃ and kept for 1 h before filtering out the 

adsorbents. This process was repeatedly performed until the filtered solution was clear. 

The regeneration experiment was repeated in the successive adsorption-desorption 
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Ce2 Qe 

C0 
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3.3. Results and discussion 

3.3.1 Physicochemical characterization 

The specific surface area (BET) and micro-/mesoporous structure parameters of 

the adsorbent were calculated and shown in Table 3-1. It can be seen that when the 

activation ratio is 3:1 and the activation temperature was 800℃, the adsorbent had 

maximum specific surface area and microporous volume. Moreover, the BET of CGP-

K3-800 (3098 m2/g) nearly doubles that of CGP (1634 m2/g). Fig. 3-2 shows SEM 

images of the CGP and CGP-K3-800, where the surface of the samples can be clearly 

observed. The surface of the CGP-K3-800 is rougher than that of the original CGP. It 

has been reported that the high surface area and high pore volume can facilitate the 

transfer of heavy metal ions. Therefore, CGP-K3-800 is expected to have higher 

removal efficiency of Cr(VI). The elemental composition of CGP and CGP-K3-800 is 

showed in Table 3-2. It can be seen from Table 3-2 that the nitrogen contents in CGP 

and CGP-K3-800 were very low, indicating that there are a very limited number of 

nitrogen functional groups in the two adsorbents.  
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Table 3-1 Textural and surface properties of each prepared activated carbon. 

Sample 

SBET Vtotal Vmicro Vmeso Dave 

(m2/g) (cm3/g) (cm3/g) (cm3/g) (nm) 

CGP 1634 1.36 1.2 0.13 0.95 

CGP-K1-500 1532 1.25 1.1 0.11 0.92 

CGP-K1-600 1610 1.10 1.0 0.10 0.84 

CGP-K1-700 1897 1.27 1.2 0.10 0.86 

CGP-K1-800 1858 1.07 1.0 0.10 0.90 

CGP-K2-800 1918 1.36 1.3 0.10 1.02 

CGP-K3-800 3098 2.23 2.1 0.14 1.30 

 

Table 3-2 Elemental composition of CGP and CGP-K3-800. 

 Sample C H N O* 

CGP 79.6 2.0 0.4 18.1 

CGP-K3-800 91.4 0.1 0.3 8.2 

          * Calculated by difference 
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(a) CGP 

 

(b) CGP-K3-800 

 

Fig. 3-2. SEM images of CGP (a) and CGP-K3-800 (b). 
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3.3.2 Removal efficiency of Cr(VI) for each prepared adsorbent 

  The experiment was carried out with the Cr(VI) concentration of 500 mg/L at pH 

2.0 for 24 h. The Cr(VI) removal efficiency by different prepared adsorbents are shown 

in Fig. 3-3. It showed that the removal efficiency of the CGP modified by KOH 

activation (51.6% - 87.8%) was higher than that of the original CGP (42.3%). When the 

impregnation ratio (KOH/ CGP mass ratio) was 3:1 and the activation temperature was 

800℃, the removal efficiency can reach 87.8%. Compared with the results of Fig. 3-3, 

it can be seen that the relatively larger specific surface area of CGP-K3-800 would be 

conductive to the removal of Cr(VI) on the activated carbons modified by CGP. 

 

Fig. 3-3. Removal rate of Cr(VI) for each adsorbent,  

(conditions: pH 2; initial concentrations of Cr(VI) : 500 mg/L; contact 

time : 24 h; concentration of adsorbent : 1 g/L; temperature : 298K). 
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3.3.3 Effect of initial solution pH 

Initial solution pH has an significant impact on the removal efficiency of Cr(VI) in 

aqueous solution. Different solution pH values will cause different surface charges of 

the activated carbon and different anionic forms of the Cr(VI) . The Cr(VI) presents as 

different ionic forms in aqueous solution, when solution pH > 6, it presents as CrO4
2-; 

when pH is within 1.0 – 6.0, the species are Cr2O7
2- and HCrO4

-, H2CrO4 will be 

dominant in case of pH < 1.0 [19]. In this experiment, the solution pH was adjusted 

from 2.0 to 12.0 with 0.1 M HCl and 0.1 M NaOH. The adsorption amount and the 

reduction amount were investigated within pH range from 2.0 to 12.0. The results are 

given in Fig. 3-4. It can be seen that the lower the solution pH value was, the larger the 

adsorption capacity for Cr(VI). This is because the solution pH value significantly 

affected the structure of the adsorbents and the surface charges of the adsorbent and the 

surface-reactive functional groups in the solution. When the solution pH was less than 

6, Cr(VI) was reduced to Cr(III) to some extent on CGP-K3-800, so it can be known 

that the acid condition was conducive to the reduction process of Cr(VI).  
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Fig. 3-4. Effect of pH of Cr(VI) adsorption onto CGP-K3-800. 

 (conditions: pH 2-12; initial concentrations of Cr(VI) : 500 mg/L; 

contact time : 24 h; concentration of adsorbent : 1 g/L; temperature : 

298K). 
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3.3.4 Effect of adsorbents dosage 

Adsorbents dosage can change the adsorbent–adsorbate equilibrium of the system. 

The effect of adsorbents dosage on Cr(VI) removal rate was investigated with the Cr(VI) 

concentration of 500 mg/L at pH 2.0 for 24 h in this work. As shown in Fig. 3-5., the 

removal rate of Cr(VI) increased with the adsorbent dosage, which reached nearly 100% 

at the adsorbent dosage of 4 g/L. However, the adsorption capacity decreases with the 

increase of the adsorbents dosage, this may be due to the adsorption competition for 

adsorbents. Therefore, it is necessary to determine the dosage of adsorbents in actual 

water treatment. In this work, the adsorbent dosage set to 1 g/L for experiments. 

 

 

Fig. 3-5. The effect of adsorbent dosage on the CGP-K3-800 of Cr(VI) 

  (conditions: pH 2; initial concentrations of Cr(VI) : 500 mg/L; contact 

time : 24 h; concentration of adsorbent : 0.5-8 g/L; temperature : 298K). 
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3.3.5 Adsorption isotherms 

The adsorption isotherms of Cr(VI) on CGP, CGP-K3-800 and exchange resin 

HP555 under different initial concentrations (from 100 to 1000 mg/L) of Cr(VI) 

solution are shown in Fig. 3-6. Langmuir and Freundlich models were applied to 

investigate the adsorption process of Cr(VI) at 25°C.The different isotherm constants 

determined are shown in Table 3-3. Through the Langmuir and Freundlich data fitting 

of adsorption isotherms of Cr(VI), the R2 values were greater than 0.99, indicating that 

the two models could well describe Cr(VI) adsorption behavior. In the Langmuir 

isothermal adsorption model, RL = 0.006 (0 < RL < 1), indicating favorable adsorption 

of Cr(VI) on the adsorbents. Langmuir model-based fitting data were slightly better 

than Freundlich adsorption model-based fitting data, indicating that Cr(VI) adsorption 

on CGP-K3-800 tended to be monolayer adsorption. Similar trends could be drawn 

from the adsorption isotherm data of CGP-K3-800. In comparison with the maximum 

adsorption capacity (Xm) of three adsorbents in adsorption isotherm experiment, the Xm 

value for CGP-K3-800 was larger than that for CGP and exchange resin HP555, 

implying that the adsorption capacity of CGP-K3-800 was better than that of CGP and 

exchange resin HP555. This may be because CGP-K3-800 has a greater specific surface 

area as shown in Table 1. Moreover, the adsorption capacity of CGP-K3-800 for Cr(VI) 

was higher than that reported in existing literature, as shown in Table 3-4 [2, 10, 20, 

21]. 
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Table 3-3 Langmuir and Freundlich adsorption isotherm parameters of Cr(VI) at 298 

K in aqueous solutions. 

 Sample 

 Langmuir model   Freundlich 

Xm 

(mmol/g) 

KL 

(L/mmol) 
RL R2   n 

KF 

[(mmol/g)(mmol/L)n] 
R2 

CGP 3.09  1.97  0.031 0.981   3.55 1.68 0.916 

CGP-K3-800 4.99  11.0  0.006 0.996   4.41 3.82 0.673 

HP555 3.69  7.48  0.008 0.997   24.0 3.29 0.693 

 

Table 3-4 Comparison with other similar adsorbents for Cr(VI) removal. 

Adsorbent Qmax (mmol/g) Reference 

bamboo 1.83 [10] 

Auricularia auricula 0.23 [21] 

hyacinth 0.84 [20] 

longan seed 3.26 [2] 

HP555* 3.69 This work 

CGP* 3.09 This work 

CGP-K3-800 4.99 This work 

* Commercially available 
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Fig. 3-6. Adsorption isotherms of Cr(VI) onto HP555, CGP and CGP-K3-800. 

(Conditions: initial concentrations of Cr(VI) : 100 to 1000 mg/L; contact 

time : 24 h; adsorbent : 1 g/L, respectively; temperature : 298 K). 

 

 

3.3.6 Adsorption thermodynamics parameters 

 

The correlation coefficients (R2) are given in Table 3-5. Since Cr(VI) adsorption 

data on the CGP-K3-800 fitted better to the Langmuir adsorption isothermal equation 

in the study, there by the Langmuir adsorption isothermal constant KL was adopted. The 

slopes and intercepts of the plots of ln KL against 1/T are shown in Fig. 3-7. The values 

of ΔH°, ΔS° and ΔG° for Cr(VI) adsorption on CGP-K3-800 are given in Table 3-6. 
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The positive values of ΔH° indicate that the adsorption process was an endothermic 

process. The negative value of ΔG° indicates that all adsorption processes were viable 

and spontaneous. 

 

Table 3-5 The Langmuir and Freudlich adsorption isotherm parameters of Cr(VI) at 

different temperature onto CGP-K3-800 

Temperature 

(K) 

Langmuir model  Freundlich model 

Xm 

(mmol/g) 

KL 

(L/mmol) 
R2 

 n 
KF 

[(mmol/g)(mmol/L)n] 
R2 

298 4.99 11.0 0.996 

 

4.41 3.82 0.673 

308 5.78 15.6 0.998 

 

5.38 4.78 0.855 

318 6.79 18.9 0.999 

 

8.89 5.93 0.824 

 

Table 3-6 Thermodynamic parameters of CGP-K3-800 for the adsorption of Cr(VI). 

 

(KJ/mol K) 

 

(KJ/mol) 

 

(KJ/mol) 

 

(KJ/mol) 

 

(KJ/mol) 

0.0921 21.5 -5.99 -6.91 -7.83 
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Fig.3-7. Plot of ln KL vs. 1/T for Cr(VI) adsorption on CGP-K3-800 

 

3.3.7 Adsorption kinetics 

The experimental data in Fig. 3-8 were fitted with pseudo-first-order model and 

pseudo-second-order model when CGP-K3-800, CGP and HP555 were used. The 

results of the kinetic analysis are shown in Table 3-7. 

The pseudo-first-order model had lower correlation coefficient (R2) compared to 

that of the pseudo-second-order models, and all R2 values are greater than 0.99 for 

pseudo-second-order models. It can be seen from Fig. 3-8 that both CGP and CGP-K3-

800 had very high adsorption rates. The adsorption equilibrium can be reached within 

30 min for CGP and CGP-K3-800, and their adsorption rates are appreciably higher 

than that of HP555.  
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Table 3-7 Kinetic parameters for Cr(VI) adsorption onto prepared adsorbents 

Sample 

Pseudo-first-order  Pseudo-second-order 

Qe 

(mmol/g) 

k1 

(min-1) 
R2 

 Qe 

(mmol/g) 

k2 

(g/mmol min) 
R2 

HP555 1.48 0.016 0.916  4.06 0.022 0.999 

CGP 7.87 0.013 0.242  3.42 0.155 0.998 

CGP-K3-800 7.45 0.021 0.366  4.69 0.099 0.999 
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Fig. 3-8. Effect of contact time on the adsorption capacity of HP555, 

CGP and CGP-K3-800  

(conditions: pH 2; initial concentrations of Cr(VI) : 500 mg/L; 

adsorbent : 1 g/L, respectively; temperature : 298 K) 

 

3.3.8 XPS Analysis 

Detailed XPS survey of the regions for Cr 2p of Cr(VI)-loaded CGP-K3-800 was 

shown in Fig. 3-9. Chromium element was detected which indicated the successful 

adsorption of chromium on the carbon surface. The peak at 576.5 eV in the Cr2p of 

CGP-K3-800 after adsorption in Fig. 3-9 can be assigned to Cr(III), and the the binding 

energy of Cr(VI) in the Cr2p was generally higher than that of Cr(III), so the peaks at 
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578.1 eV in the Cr2p can be assigned to Cr(VI) [22]. According to the Cr2p peak areas, 

the ratio of adsorbed Cr(III) to Cr(VI) onto the CGP and CGP-K3-800 surface were all 

about 1.5:1, it was indicated that about 3/5 of the Cr(VI) was reduced to Cr(III) inside 

the CGP-K3-800. 

 

 

Fig. 3-9 Detailed XPS survey of the region Cr 2p 

 

3.3.9 Regeneration experiment 

In order to ascertain the reusability of the Cr(VI) on the adsorbents, this study 

evaluated the reproducible properties of CGP and analyzed the adsorption and reduction 

of Cr(VI) in the regeneration process. Fig. 3-10 shows that the adsorption capacity and 
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reduction efficiency decrease with the increase of cycle times. CGP-K3-800 had a 

higher regeneration rate than CGP, and kept high adsorption capacity until the 5th cycle. 

The decrease in percentage of adsorption was about 5% for each regeneration 

experiment. Moreover, it can be seen that the reduction performance gradually 

decreased, which was contributed to the decline of the percentage of removal. The 

decrease in reducing properties may be due to the continuous oxidation of the surface 

of the activated carbon. 

 

3.4. Conclusions 

  In conclusion, the adsorbent CGP-K3-800 activated by KOH activation has a larger 

specific-surface-area and better effect on the removal of Cr(VI). The adsorbent CGP-

K3-800 exhibits an adsorption capacity of 4.99 mmol/g at 25℃, which is 1.64 times 

larger than that of the CGP. The Cr(VI) adsorption capacity and capacity amount of 

CGP-K3-800 decrease with increase of solution pH value. The adsorption reaction 

conforms to the Langmuir model, and the increase of temperature can enhance the 

adsorption capacity of CGP. The CGP-K3-800 also shows a higher adsorption rate, and 

its adsorption equilibrium can be reached within 30 minutes. With respect to 

regenerative performance, CGP-K3-800 has better regeneration performance than CGP. 

With the increase of reutilization times, the surface of activated carbon is step wisely 

oxidized, which leads to gradual decrease of the reducing capacity. 
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Chapter 4 Adsorption behavior of Cr(VI) by N-doped biochar derived from 

bamboo 

 

4.1 Introduction 

Heavy metal wastewater pollution triggered by organic dyes has been recognized 

as a global issue of concern [1]. Cr(VI) is the common toxic heavy metal, which widely 

exists in manufacturing and dyeing wastewater, electroplating wastewater and other 

industrial wastewater [2, 3]. Cr(VI) has different compounds in aqueous solution, such 

as Cr2O7
2-, CrO4

2- and HCrO4
- [4], and Cr(VI) is approximately 100 times higher 

toxicity than Cr(III) [5, 6]. Cr(VI) causes harmful effects on the human body due to its 

strong oxidizing characteristic and can be easily absorbed and accumulated, especially 

by kidneys, stomach, and liver [7]. WHO has set the Cr(VI) lower limit of drinking 

water to be 0.05 mg/L or less [8]. Therefore, it is necessary to carry out effluent 

treatment before discharging the Cr(VI) wastewater into the environment.  

 At present, conventional treatment methods of Cr(VI) containing wastewater 

include reduction [9], ion exchange [10], biological treatment method [11] and 

adsorption [12]. Among these, adsorption is a better method because of its high 

efficiency, low cost and simplicity of design [13]. Carbon adsorbents generally include 

activated carbon, carbon molecular sieves and carbon-containing nanomaterials [14]. 

Activated carbon is the most widely used carbon adsorption material [15]. Activated 

carbon is mostly made from bamboo, wood and other raw materials, which are activated 

after carbonization at high temperature [16]. Generally, activated carbon can be divided 
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into granular activated carbon and powdered activated carbon according to particle size. 

Activated carbon has a high specific surface area of up to 1500 m2/g, and there are many 

kinds of oxygen-containing functional groups on the surface.  

Biochar is an activated carbon like adsorbent [17]. However, due to the lack of 

porous structure, the specific surface area of most biochar is relatively low. To 

overcome this shortcoming, the primary activator used is ZnCl2, H3PO4, KOH and 

NaOH. Among them, ZnCl2 activation method is relatively sophisticated method [18]. 

Recent studies have reported that nitrogen (N) doping can enhance the adsorption 

capacity of activated carbon for anions such as nitrate [19]. Since the presence of 

quaternary nitrogen on the surface of nitrogen-doped activated carbon, it acts as a 

positively charged adsorption site on carbon, surface which is beneficial to the 

adsorption of various anions [20].  

Bamboo could be regarded as cheaply available biochar material [21]. A large 

number of low-value bamboo wastes will be produced in the process of bamboo 

exploitation, processing, and utilization. The effective utilization rate of bamboo wastes 

is only about 35-40%. Bamboo waste, if discarded, decayed, buried or burned at will, 

not only will cause environmental pollution, but also a waste of bamboo resources. 

Bamboo contains a lot of cellulose and lignin, and its resource utilization is extensive. 

Biochar materials can be prepared by treating bamboo forest solid wastes, which have 

good adsorption effect on heavy metals and organic pollutants in water. 

 Based on these considerations, in this work, the commercial bamboo chips was 

further activated by ZnCl2 and heat treated at 950℃ under NH3 gas flow, in order to 
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increase the adsorption capacity for Cr(VI) in aqueous solution. 

 

4.2 Material and methods 

The feedstock for the production of biochar was willow residues pruned from moso 

bamboo. Moso bamboo obtained in Aichi prefecture, Japan, was cut into chips and used 

as a precursor for preparation of adsorbent. 

The bamboo chips were dried in an oven at 110°C for 1 h. In this study, using the 

ZnCl2 as an activator, the prepared bamboo chips were impregnated with ZnCl2 solution 

at a ratio of 3 g-ZnCl2/g-bamboo, and then the mixture was dried in an oven at 110°C 

overnight. The resulting mixture was pyrolyzed for 1 h at 400°C under N2 atmosphere 

in a tubular furnace. The prepared biochar was placed in 1 M HCl solution and stirred 

for 1 h, rinsed in a Soxhlet extractor for 24 h, and dried at 110°C overnight. The 

obtained samples were referred to as BZ. 

N-doped biochars were prepared from BZ. The prepared BZ was heated from room 

temperature to 600℃ under a helium atmosphere in a tubular furnace, then, the helium 

gas was directly replaced by NH3 gas, then heated up to 950°C and kept it for 0, 15, 30 

and 45 minutes. Finally, the NH3 gas was changed to helium and cooled the samples 

were cooled to room temperature. The obtained samples were referred to as BZ-9.5AG-

xmin, where x is the heating retention time. 

 

4.3 Biochar characterization 

The specific surface area (SBET), mesopore volume (Vmeso) and micropore volume 
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(Vmicro) of the prepared biochar were calculated based on N2 adsorption/desorption 

isotherms at −196°C using Bellsorp-mini II (MicrotracBEL, Co., Ltd., Japan) surface 

area analyzer. The elemental composition of C, H and N of the adsorbents was 

determined with Perkin Elmer 2400 II (Perkin Elmer Japan, Co., Ltd., Japan) and O 

content was obtained by difference. X-ray photoelectron spectroscopy (XPS) analysis 

was performed using a JEOL JPS-9030 spectrometer. The concentrations of Cr(VI) 

solution after batch experiments were determined with atomic adsorption spectrometer 

novAA300 (Analytik Jena AG, Germany). 

 

4.4 Batch adsorption 

The removal of Cr(VI) by the biochar was examined by measuring the 

concentrations of Cr(VI) in a batch system. All batch experiments were carried out in 

Erlenmeyer flasks. Batch experiments were conducted in 30 mL Erlenmeyer flasks, 

with 0.02 g of the sample was put into a flask containing 20 mL of Cr(VI) solution with 

various initial concentrations. The flasks were agitated in a water bath shaker at 25°C 

by the speed of 100 rpm.  

The effect of solution pH on Cr(VI) adsorption was examined by mixing 20 mg of 

adsorbent with 20 mL of 9 mmol/L Cr(VI) solution. The mixed solution had different 

pH values, ranging from 2 to 9. The initial pH of Cr(VI) solution was adjusted by 0.1 

M HCl and 0.1 M NaOH. 

The adsorption kinetics of Cr(VI) on biochar samples were studied by mixing 0.2 

g of adsorbent with 200 ml of 9 mmol/L Cr(VI) solution, and the concentration was 
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analyzed at disparate time intervals (1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 60, 120, 180, 240, 

300, 480, 1500, and 1920 min). The data were analyzed using both the pseudo-first-

order and the pseudo-second-order models.  

In order to test the regeneration capacity of the biochar, added 300 mg of adsorbent 

to an Erlenmeyer flask containing 300 mL of Cr(VI) solution with an initial pH of 2 

and an initial concentration of 9 mmol/L. The flasks were shaken at 100 rpm at 25℃ 

for 24 h to reach apparent equilibrium. Then the mixture was filtered with 0.45 μm filter 

paper, in the desorption agent, the filtered biochar was washed with distilled water and 

placed in 300 mL of 1 mol/L NaOH solution at 90℃ for 2 h. The regeneration 

experiment was repeated in the successive adsorption-desorption cycles that were 

conducted for five times.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 

4.5 Results and discussion 

 

4.5.1 Characterization of biochar 

The elemental composition of oxidized biochar with different NH3 retention time 

is shown in Table 4-1. It can be seen from Table 4-1 that the N content of BZ was only 

0.4%, by contrast, the N content of biochar after NH3 treatment increased. As the NH3 

retention time increased from 0 min to 30 min, the N content increased from 3.06% to 

4.52%. And as the NH3 retention time increased to 45 min, the N content of biochar 

decreased to 2.83%. This shows that the N content of biochar reaches the maximum 

when the NH3 retention time was 30 min. Therefore, BZ-9.5AG-30min is expected to 
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have higher removal efficiency of Cr(VI).  

The nitrogen adsorption-desorption isotherm curve of the BZ-9.5AG-xmin is 

shown in Fig. 4-1. From Fig. 4-1, a type I isotherm was observed, which indicates the 

mainly microporous structure existence. The specific surface area (BET) and micro-

/mesoporous structure parameters of the adsorbent were calculated and shown in Table 

4-2. It can be seen that the specific surface area (SBET) of biochar decreased after the 

beginning of NH3 gas introduction, but the specific surface area of biochar increases 

with the increased of NH3 retention time. This may be due to the formation of N-

containing functional groups on the surface of biochar at the beginning of NH3 

introduction, thus reducing the surface area. With the increased of NH3 retention time 

at high temperature, the microporous structure was developed continuously and the 

specific surface area of biochar increased. 

  



 76 

Table 4-1 Elemental composition of BZ-9.5AG-30min 

Sample 
C H N O* 

[wt%] [wt%] [wt%] [wt%] 

BZ 90.4 1.41 0.20 7.92 

BZ-9.5AG-0min 91.3 0.49 3.06 5.16 

BZ-9.5AG-15min 90.7 0.44 3.50 5.36 

BZ-9.5AG-30min 88.7 0.39 4.52 6.43 

BZ-9.5AG-45min 90.6 0.41 2.83 6.18 

* Calculated by difference 

 

Table 4-2 Textural and surface properties of each prepared biochar 

 

Sample 
SBET Vtotal Vmicro Vmeso 

[m2/g] [cm3/g] [cm3/g] [cm3/g] 

BZ 1400 0.75 0.74 0.01 

BZ-9.5AG-0min 1120 0.55 0.55 0.01 

BZ-9.5AG-15min 1280 0.63 0.63 0.01 

BZ-9.5AG-30min 1610 0.85 0.85 0.01 

BZ-9.5AG-45min 1870 1.00 0.99 0.01 
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Fig. 4-1 Nitrogen adsorption isotherm of BZ-9.5AG-30min 
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Fig. 4-2 Adsorption isotherms of BZ (a) and BZ-9.5AG-30min (b) for Cr(VI)  
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4.5.2 Adsorption isotherms and adsorption capacity 

Adsorption isotherms of Cr(VI) on the BZ and BZ-9.5AG-30min are shown in Fig 

4-2. Both Langmuir and Freundlich models were used to fit the adsorption data. The 

adsorption process of Cr(VI) at 25°C and the different isotherm constants determined 

were presented in Table 4-3. The R2 values of the Langmuir model were larger than 

those of the Freundlich model, indicating that the Langmuir models can be a good 

description of Cr(VI) adsorption behavior. The Langmuir isotherm is usually used to 

describe the monolayer adsorption on a homogenous surface, indicating that Cr(VI) 

adsorption onto BZ and BZ-9.5AG-30min tended to be monolayer adsorption. BZ and 

BZ-9.5AG-30min all did exhibit high adsorption capacity for Cr(VI). Comparatively, 

the maximum adsorbed amount (Xm) of Cr(VI) onto BZ-9.5AG-30min was large than 

the Xm of BZ, which indicated that N-doped biochar has better adsorption capacity for 

Cr(VI). The increase of adsorbed amount can be explained by the increase of specific 

surface area and nitrogen content. Compared with BZ, BZ-9.5AG-30min had a larger 

specific surface area and total pore volume, so it can provide more adsorption sites. 

With the increase of nitrogen content, more quaternary nitrogen (N-Q) can be formed 

on the surface of biochar. Positive charges on quaternary nitrogen can provide more 

adsorption sites for anions, thus increasing the adsorption of Cr(VI). 

Comparison with values in the literature (Table 4-4) shows that BZ-9.5AG-30min 

is among the highest carbon adsorbents for Cr(VI) [22-27], so it have great potential in 

practical water treatment applications.  

 



 80 

Table 4-3 Langmuir and Freundlich adsorption isotherm parameters of Cr(VI) at 298K 

in aqueous solutions 

  Langmuir model   Freudlich model 

 Sample 
Xm  

(mmol/g) 

KL  

(L/mmol) 
R2  1/n KF R2 

BZ 3.81  0.38  0.95   0.64 0.73 0.80 

BZ-9.5AG-30min 4.31  0.32  0.98    0.66 0.69 0.92 

 

Table 4-4 Comparison with other similar adsorbents for Cr(VI) removal 

Adsorbent 
Qe 

(mmol/g) 
Reference 

Swietenia mahagoni shell 1.13 [22] 

Hevea brasilinesis saw dust AC 0.85 [23] 

Biochar derived from waste water hyacinth 0.46 [24] 

Bismuth modified biochar 0.23 [25] 

Biochar derived from Melia azedarach wood 0.49 [28] 

Ion exchange resin HP555 3.69 [27] 

N-doped biochar BZ-9.5AG-30min 4.31 This work 

 

4.5.3 Effect of pH 

The initial pH of the solution usually has a great influence on the adsorption 

capacity of biochar. The effect of initial pH on the adsorption of Cr(VI) by BZ-9.5AG-

30min is shown in Fig. 4-3. For adsorption of Cr(VI), the adsorbed amount of Cr(VI) 

on BZ-9.5AG-30min decreased as pH increased from 2 to 9. The effect of initial pH on 
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adsorption can be explained by the surface charge of biochar and the ionic forms of 

Cr(VI). Cr(VI) exists primarily as an oxyanion, and it exists in different ionic forms in 

aqueous solution. When solution pH is greater than 6, it presents as CrO4
2-; when pH is 

ranging between 1.0 - 6.0, it exists as Cr2O7
2- and HCrO4

-. Therefore, when the solution 

pH has changed the form of the Cr(VI) ions will influence the Cr(VI) uptake capacity 

of the biochar. Moreover, amino groups exist on the surface of N-doped biochar. Under 

acidic conditions, amino groups present as -NH3
+, with positive sites, which are also 

beneficial to the adsorption of Cr(VI) [28]. With the increase of pH, the amount of OH- 

ions in the solution increases, and the competition between OH- ions and Cr(VI) ions 

resulted in the decrease of the adsorption capacity of biochar to Cr(VI) [29]. 

 

Fig. 4-3 Effect of initial pH value on Cr(VI) removal. 
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Cr(VI) were also investigated. As shown in Fig. 4-4, determination of the relationship 

between the amount of adsorption of Cr(VI) and time in the range of 0-2000 min. The 

adsorption rate of Cr(VI) was initially higher, reaching 86% of the maximum adsorption 

capacity at 480 minutes, and the adsorption capacity (Qt) would not change after 1000 

minutes. So the optimum adsorption time of BZ-9.5AG-30min for Cr(VI) was about 

1000 min. The experimental data in Fig. 4-4 were fitted with pseudo-first-order model 

and pseudo-second-order model, and the results of the kinetic analysis are shown in 

Tables 4-5. As shown in Table 4-5, the R2 values of the pseudo-first-order model and 

the pseudo-second-order model are both higher than 0.95, however, the R2 value of the 

pseudo-second-order model was larger than that of the pseudo-first-order model and 

larger than 0.99, which indicates that the pseudo-second-order model can better 

describe the adsorption of BZ on Cr(VI). These facts suggest that the adsorption 

behavior is mainly governed by diffusion control mechanism in Cr(VI) solution. 

 

Table 4-5 Kinetic parameters for Cr(VI) adsorption onto BZ-9.5AG-30min 

Pseudo-first-order Pseudo-second-order 

Qe 

(mmol/g) 

k1 

(min-1) 
R2 

Qe 

(mmol/g) 

k2 

(g/mmol min) 
R2 

2.89 0.003 0.97 2.92 0.008 0.998 
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Fig. 4-4 Cr(VI) adsorption kinetic by BZ-9.5AG-30min 
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to pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary nitrogen (N-Q) and 

pyridine-N-oxide (N-X), respectively. Among them, because N-Q has a positive charge, 

the adsorption capacity of anions should be increased. Notably, as shown in Table 4-6, 

the percentage of N-Q in BZ-9.5AG-30min decreases from 22.3% to 5.5% after 

adsorption, and this would because the reduction process of Cr(VI) consumes the 

positive charge on the adsorbent surface, resulting in the decrease of N-Q. 

 Fig. 4-5(d) shows the Cr 2p3/2 spectrum, and the Cr 2p3/2 spectrum is divided into 

two peaks at 577.6 eV and 579.5 eV, which are assigned to Cr(III) and Cr(VI). The 

adsorbed chromium predominantly existed in Cr(III), and only a small amount was 

present as Cr(VI). As shown in Fig. 4-5(d), 69.7% of the adsorbed chromium existed 

in trivalent form, and the remaining 30.3% was present as Cr(VI).  

Table 4-6 Relative surface atomic ratios of different N species in BZ-9.5AG-30min 

before and after Cr(VI) adsorption 

 N-6 (%) N-5 (%) N-Q (%) N-X (%) 

Before adsorption 37.1 11.4 22.3 29.2 

After adsorption 25.9 50.4 5.5 18.2 
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Fig. 4-6 (a) XPS survey spectra of BZ-9.5AG-30min before and after Cr(VI) 

adsorption; (b) N 1s spectrum of BZ-9.5AG-30min before Cr(VI) adsorption; 

(c) N 1s spectrum of BZ-9.5AG-30min after Cr(VI) adsorption; (d) Cr 2p 

spectrum of BZ-9.5AG-30min after Cr(VI) adsorption. 
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4.5.6 Regeneration experiment 

In order to evaluate the recoverability of N-doped biochar BZ, five cycles of 

adsorption-desorption experiments were carried out on N-doped biochar BZ-9.5AG-

30min. Fig. 4-6 shows the adsorption capacity of BZ-9.5AG-30min for Cr(VI) in the 

function of the adsorption-desorption cycles. After five times regenerations, the 

adsorption capacity of BZ-9.5AG-30min still had 63% of the initial adsorption capacity, 

indicating that it had better regeneration ability for the removal of Cr(VI).  

 

Fig. 4-6 The regeneration adsorptive performance of BZ-9.5AG-30min after five 

cycles. 
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highest adsorption capacity of Cr(VI) by BZ-9.5AG-30min was at pH 2. The adsorption 

reaction conformed to the Langmuir model, and the kinetic analyses indicated that the 

adsorption of Cr(VI) by BZ-9.5AG-30min was fitted well with the pseudo-second-

order model. After 5 regeneration experiments, BZ-9.5AG-30min showed superior 

recyclability, and therefore, BZ-9.5AG-30min is expected to be a promising adsorbent 

for the efficient removal of Cr(VI) from wastewater. 
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Chapter 5 Preparation of bean dreg derived N-doped activated carbon with high 

adsorption for Cr(VI) 

 

5.1. Introduction 

With the development of mining, chemical manufacturing, machinery and 

electronics industries, the problem of heavy metal pollution in water bodies has become 

increasingly serious [1]. Chromium is a heavy metal, and the major forms of existence 

in aqueous solution are Cr(VI) and Cr(III), respectively. Cr(VI) is approximately 100 

times higher toxic than Cr(III) [2-4]. Cr(VI) is a highly toxic heavy metal ion that is 

carcinogenic and teratogenic to the human body [5, 6]. Generally, the concentration of 

Cr(VI) in drinking water should be lower than the 50 μg/L prescribed by WHO [7]. 

Common treatment methods of chromium containing wastewater include separation, 

reduction, ion exchange, and adsorption. Among them, the adsorption method is simple 

and the low cost, so it becomes a mainstream Cr(VI) removal method.  

In the last decade, researches on agricultural-waste-based activated carbon 

adsorbents are in ascendant [8]. Activated carbon has been proved to be a universal 

adsorbent for heavy metal because of its favorable physicochemical properties and 

relatively low cost. Presently, many raw materials exist for activated carbon preparation 

[9], such as sawdust [10], wheat straw [11], camellia seed husk [12], pine tree residues 

[13], sludge [14], peanut hull [15], Enteromorpha prolifera [16], and other wood-based 

material such as bamboo [17], etc. In order to increase the specific surface area of 

activated carbon, the primary activator used is ZnCl2, H3PO4, KOH, and steam. Among 



 94 

them, steam activation is a low cost and environment friendly activation method [18]. 

Previous studies have shown that nitrogen doping is an effective method to improve 

the adsorption properties of carbon materials [19-22]. The increase in the content of 

quaternary nitrogen on the activated carbon surface enhances the adsorption capacity 

of nitrate ions [23]. Because of presence of quaternary nitrogen on the surface of 

nitrogen-doped activated carbon, it acts as a positively charged adsorption site on 

carbon, the surface which is beneficial to the adsorption of various anions. Recent 

studies have shown that nitrogen-doped activated carbon can enhance the adsorption 

capacity of activated carbon for Cd(II), Cu(II), and other heavy metal ions [21]. Bean 

dreg is an industrial waste with high protein content, and rich in nitrogen content, 

activated carbon made from bean dreg was used in the production of capacitors, etc [24, 

25]. Meanwhile, with the high specific surface area bean dreg-derived activated carbon 

was also used to adsorb methyl blue [26]. However, according to our current knowledge, 

no attempt has been found on the use of nitrogen in bean dreg to generate quaternary 

nitrogen to increase the adsorption capacity of Cr(VI). Herein, in this work, bean dreg 

was used as a raw materials for large-scale manufacture of porous carbons by activation 

with steam, in order to increase the adsorption capacity for Cr(VI) in aqueous solution. 

 

5.2. Materials and methods 

5.2.1. Preparation of bean dregs derived activated carbon 

Crude bean dregs were obtained from a workshop for making soya-bean milk in 

Chiba, Japan, and washed with distilled water, and dried in an oven at 110°C. The bean 
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dregs biomass was then placed into a porcelain crucible and capped, heating in a muffle 

furnace at 400℃ to eliminate volatiles, and then the sample was placed in 1 M HCl 

solution, stirred for 1 h, then washed with hot distilled water until the pH in extracted 

water was unchanged. The obtained samples were referred to as BDC. Thereafter, the 

prepared BDC was activated under a nitrogen atmosphere in a tubular furnace. The 

activation process was divided into two parts, steam activation, and heat treatment, 

respectively. Two grams of the BDC was inserted in the quartz pipe and heated from 

room temperature to 800℃ in 30 minutes, then, 30 mL of water was introduced for 30 

minutes under a nitrogen atmosphere flow, and the steam activated samples were 

referred to as BDC-STM30. Finally heat the BDC-STM30 to 950℃, 1000℃ and 

1050℃, and keep it for 30 minutes, after that, the samples were cooled to room 

temperature under N2 gas flow. The obtained samples were referred to as BDC-STM30-

9.5HT, BDC-STM30-10.0HT, and BDC-STM30-10.5HT, respectively. For comparison, 

the heat treatment process and the steam activation process were reversed in sequence, 

and the obtained samples were referred to as BDC-9.5HT-STM30, BDC-10.0HT-

STM30, and BDC-10.5HT-STM30. For comparison, BDC was heated to 1000℃ for 30 

minutes under N2 gas flow, referred to as BDC-10.0OG. 

 

5.2.2. Activated carbon characterization 

 The specific surface area (SBET), mesopore volume (Vmeso) and micropore volume 

(Vmicro) of the prepared activated carbons were calculated based on N2 

adsorption/desorption isotherms at −196°C using Bellsorp-mini II (MicrotracBEL, Co., 
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Ltd., Japan) surface area analyzer. The surface morphology of the activated carbon was 

observed by Hitachi S-4800 SEM (Hitachi, Japan). The elemental composition of C, H 

and N of the adsorbents was determined with Perkin Elmer 2400 II elemental analyzer 

(Perkin Elmer Japan, Co., Ltd., Japan), and O content was obtained by difference. X-

ray photoelectron spectroscopy (XPS) analysis was performed using a ULVAC-PHI 

Model-1800 spectrometer. The concentrations of Cr(VI) solution after batch 

experiments were determined with atomic adsorption spectrometer novAA300 

(Analytik Jena AG, Germany). FTIR spectrophotometer (IRAffinity-1, SHI-MADZU, 

Japan) was used to analyze surface functional groups of adsorbents. 

 

5.2.3. Batch adsorption test 

 Potassium chromate (K2CrO4) was used to prepare Cr(VI) solution. A 10 mmol/L 

Cr(VI) stock solution was produced via dissolving 1.94 g of K2CrO4 in 1000 mL of 

distilled water. The adsorption experiments were conducted using a batch equilibrium 

method in 30 mL Erlenmeyer flasks at room temperature (25℃). The dosage of the 

experiments was 1g/L, and the initial Cr(VI) concentrations were 0.5-8 mmol/L. The 

calculation of adsorption capacity of Cr(VI) is based on the decrease of solute 

concentration in aqueous solution, as shown in Eq(5-1). 

𝑄𝑒 = (𝐶0 − 𝐶𝑒)𝑉/𝑚                                     (5-1) 

where Qe (mmol/g) is the equilibrium adsorption capacity for Cr(VI) of activated 

carbon, m (g) is the mass of the activated carbon, V (L) is the volume of the Cr(VI) 

solution, C0 (mmol/L) represents the initial concentration of Cr(VI), Ce (mmol/L) is the 
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adsorption equilibrium concentration of Cr(VI).  

 To determine the best adsorption capacity of Cr(VI) by each activated carbon. The 

activated carbons were added to 30 mL flasks of an 8 mmol/L Cr(VI) solution. The 

initial pH of the Cr(VI) was 2. The adsorption capacities of each activated carbon were 

compared.  

In order to explore the effect of pH on the adsorption of Cr(VI), the pH of Cr(VI) 

solution with the initial concentration of 8 mmol/L was adjusted to 2-9 with 0.1 M HCl 

or NaOH solution. The pH of the Cr(VI) solutions was measured using a pH meter 

(HORIBA, SS054, JAPAN). After 24 h of shaking, the equilibrium Cr(VI) 

concentration was measured.  

The adsorption kinetics of Cr(VI) on activated carbon samples were studied by 

mixing 0.2 g of adsorbent with 200 mL of 4 mmol/L Cr(VI) solution, and the 

concentration was analyzed at disparate time intervals (1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 

60, 120, 180, 240, 300, and 480 min). The data were analyzed using both the pseudo-

first-order and the pseudo-second-order models. The linearized forms of the models are 

shown as follows: 

ln(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑛𝑄𝑒 − 𝑘1𝑡,                                     (5-2) 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +

𝑡

𝑄𝑒
,                                               (5-3) 

where Qe is the amount of Cr(VI) adsorbed at equilibrium (mmol/g), Qt is the adsorbed 

amount of Cr(VI) (mmol/g) at time t (min). k1 and k2 are the rates constant of the 

pseudo-first-order model (min-1) and the pseudo-second-order model (g/mmol•min). 

 By fitting and analyzing the adsorption isothermal model of Cr(VI) by activated 
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carbon, the information of the interaction between activated carbon and Cr(VI) ions and 

the surface properties of activated carbon can be obtained. Two isotherm models 

(Langmuir and Freundlich) were utilized to describe the adsorption isotherm data.  

The Langmuir isothermal adsorption model is a theoretical model assuming that 

the adsorbents were adsorbed in monolayer on the uniform surface of the adsorbent. 

The Langmuir adsorption isotherm is applicable to both physical and chemical 

adsorption. It describes the monolayer adsorption on the solid surface. Generally, the 

Langmuir model can be used to determine the maximum adsorption capacity of 

adsorbents with monolayer adsorption as the main adsorbent. The linear form of 

Langmuir equation can be given as follow: 

𝐶𝑒

𝑄𝑒
=

1

𝑋𝑚𝐾𝐿
+

1

𝑋𝑚
𝐶𝑒,                                         (5-4) 

where Qe (mmol/g) is the adsorbed amount of Cr(VI) at equilibrium, Ce (mmol/L) is 

the equilibrium concentration of Cr(VI) in the solution, Xm (mmol/g) is the monolayer 

maximum adsorption capacity, and KL (L/mmol) is the Langmuir constant related to 

adsorption energy. 

The Freundlich adsorption model is another widely used model to simulate the 

adsorption behavior on the surface of heterogeneous adsorbents. It considers that the 

adsorption sites have different adsorption energies or are not independent of each other 

during the adsorption process. The linear form of the Freundlich equation is: 

ln𝑄𝑒 = ln𝐾𝐹 +
1

𝑛
ln𝐶𝑒,                                       (5-5) 

where KF is the Freundlich constant and 1/n is the heterogeneity factor. The greater the 

value of n is, the better the adsorption performance will be. 
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In order to test the regeneration capacity of the activated carbon, 300 mg of 

adsorbent was added to an Erlenmeyer flask containing 300 mL of Cr(VI) solution with 

an initial pH of 2 and an initial Cr(VI) concentration of 4 mmol/L. The flasks were 

shaken at 100 rpm at 25℃ for 24 h to reach apparent equilibrium. Then the mixture 

was filtered with 0.45 μm filter paper. Meanwhile, 1 mol/L NaOH solution was used as 

the desorption agent. filtered activated carbon was washed with distilled water and 

placed in the desorption agent. Then, the NaOH solution was heated to 90 ℃ and kept 

for 2 h before filtering out the adsorbents. The regeneration experiment was repeated in 

the successive adsorption-desorption cycles that was conducted five times. 

 

5.3. Results and discussion 

5.3.1. Physicochemical characteristics of activated carbons 

 The C, H, N, and O contents and BET surface area of the activated carbons are 

shown in Table 5-1. It can be seen from Table 1 that the specific surface area of BDC 

samples before steam activation was very small, only 31 m2/g. After steam activation 

and high temperature heating, the specific surface area of activated carbon increased in 

varying degrees. The specific surface area of activated carbon decreases with the 

increase of heating temperature when heating above 950℃ and then steam activation. 

This is because with the increase of heating temperature, the texture of activated carbon 

hardens, and then steam activation becomes difficult. When steam activation was 

carried out before high treatment temperature, the specific surface area of activated 

carbon reaches a maximum at 1000°C as the heating temperature increases. It can be 
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seen from the results of the elemental analysis that the nitrogen content in the raw 

material of the bean dregs was relatively high, reaching 4.62%, higher than known N-

doped adsorbent materials [23]. After steam activation and high temperature treatment, 

the nitrogen content decreased to varying degrees, and the nitrogen content decreased 

with increasing heating temperature.  

 The XPS spectra measurement was performed to investigate the surface chemical 

state and elemental changes of BDC-STM30 before and after 1000℃ heating. Detailed 

XPS survey of the regions for C1s and N1s of BDC-STM30 and BDC-STM30-10.0HT 

are shown in Fig. 5-1. As shown in Fig. 5-1, there were differences between the main 

functional groups on the BDC-STM30 and BDC-STM30-10.0HT. For the C1s XPS 

spectrum of the BDC-STM30 and BDC-STM30-10.0HT, a strong peak appeared at 

285.4 eV, which is attributed to C-C, and the other peaks located at 286.7 and 288.4 eV 

are assigned to the C-O and C=O, respectively [27]. The N1s spectrum was resolved 

into four individual peaks at 398.7 eV, 400.4 eV, 401.3eV and 403.3 eV, which are 

assigned to pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary nitrogen (N-

Q) and pyridine-N-oxide (N-X), respectively [28]. Among them, because N-Q has a 

positive charge, the adsorption capacity of anions should be increased [29]. As shown 

in Table 5-2, after 1000℃ heating, the mass ratio of the carboxyl groups (–COOH) 

decreased from 8.31% to 4.83%, and the percentage of N-Q increased from 0.06% to 

1.11%. This indicates that 1000℃ heating reduces the oxygen-containing functional 

groups on the surface of the activated carbon and greatly increases the proportion of the 

quaternary nitrogen.  
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Table 5-1 Porosity structures and elemental analysis results of various BD-derived 

carbon materials. 

 

Table 5-2 Relative surface atomic ratios BDC-STM30 and BDC-STM30-10.0HT 
 

-COOH 

(wt%) 

N-6 

(wt%) 

N-5 

(wt%) 

N-Q 

(wt%) 

N-X 

(wt%) 

BDC-STM30 8.31 2.04 1.46 0.06 0.96 

BDC-STM30-10.0HT 4.83 0.74 0.18 1.11 0.39 

 

 

Sample 
C H N O SBET Vtotal Vmicro Vmeso Qe 

(wt%) (wt%) (wt%) (wt%) (m2/g) (cm3/g) (cm3/g) (cm3/g) (mmol/g) 

Bean Dregs 48.2 6.76 4.62 40.5      

BDC 71.5 3.80 6.30 18.4   31 0 0 0 0.01 

BDC-9.5HT-STM30 81.7 0.42 3.16 14.8  583 0.33 0.3 0.03 1.57 

BDC-10.0HT-STM30 83.5 0.35 2.88 13.3  551 0.31 0.29 0.02 1.51 

BDC-10.5HT-STM30 85.7 0.22 2.26 12.4  308 0.21 0.19 0.02 0.66 

BDC-10.0OG 87.3 0.38 4.17 8.15  133 0.08 0.07 0.01 0.02 

BDC-STM30 87.0 0.96 4.53 7.53  673 0.32 0.30 0.02 0.78 

BDC-STM30-9.5HT 87.7 0.56 3.27 8.51  794 0.38 0.36 0.02 1.58 

BDC-STM30-10.0HT 89.4 0.40 2.42 7.81 1004 0.50 0.47 0.03 3.30 

BDC-STM30-10.5HT 81.6 0.38 2.09 15.9  547 0.33 0.31 0.02 0.98 



 102 

 

 

  

280 285 290 295

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

C1s of BDC-STM30

280 285 290 295

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

C1s of BDC-STM30-10.0HT

-COOH 

-COOH 

(a) 

(b) 



 103 

 

 

Fig. 5-1. XPS survey spectra of BDC-STM30 and BDC-STM30-10.0HT 
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in Fig. 5-2(a). The activated carbons without steam activation, such as BDC and BDC-

10.0OG, had almost no adsorption effect on Cr(VI) (Qe ≤ 0.02 mmol/g), and the 

adsorption capacity of Cr(VI) by steam activated bean dregs carbon BDC-STM30 was 

high, this indicates that steam activation is an important step to increase the amount of 

adsorption. The adsorption capacity of Cr(VI) decrease in BDC-9.5HT-STM30, BDC-

10.0HT-STM30, and BDC-10.5HT-STM30, and increase in BDC-STM30, BDC-

STM30-9.5HT, and BDC-STM30-10.0HT. Therefore, the sequence of steam activation 

and heating, and heating temperature are pivotal factors to obtain the best adsorption 

capacity. Furthermore, linear relationship between of Qe and the surface area of bean 

dregs derived activated carbon materials (R2 = 0.799) are observed in Fig. 5-2(b). It 

conforms that the adsorption amount of Cr(VI) by activated carbon has a certain 

positive correlation with the specific surface area, but it was not completely determined 

by the specific surface area.  
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Fig. 5-2. (a) Comparison of adsorption capacity of Cr(VI) by different adsorbents; (b) 

Linear relationships of Qe with the surface area of Bean dreg carbon materials. 
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5.3.3 Effect of solution pH 

 In order to further explore the adsorption mechanism of activated carbon on Cr(VI), 

the effects of different pH on the adsorption of Cr(VI) by BDC-STM30 and BDC-

STM30-10.0HT were compared. The effect of initial pH on the adsorption of Cr(VI) by 

BDC-STM30 and BDC-STM30-10.0HT is shown in Fig. 5-3. Overall, at pH 2-9, BDC-

STM30-10.0HT adsorbed more Cr(VI) than BDC-STM30. For BDC-STM30 and 

BDC-STM30-10.0HT, the adsorption capacity of Cr(VI) decreased sharply in the pH 

range 2-7, and then decreased slowly. The effect of initial pH on adsorption can be 

explained by the surface charge of activated carbon and the ionic forms of Cr(VI). 

Cr(VI) exists primarily as an oxyanion, and it exists in different ionic forms in aqueous 

solution. When solution pH is greater than 6.0, it presents as CrO4
2-; when pH is ranged 

between 1.0 - 6.0, it exists as Cr2O7
2- and HCrO4

- [30]. At high pH as well as at low pH, 

chromium ions having the negative charge. Therefore, when the solution pH has 

changed the form of the Cr(VI) ions will influence the Cr(VI) uptake capacity of the 

activated carbon. Moreover, amino groups exist on the surface of the N-doped activated 

carbon. Under acidic conditions, amino groups present as -NH3
+, with positive sites, 

which are also beneficial to the adsorption of Cr(VI). Under acidic conditions, Cr(VI) 

has stronger oxidizing properties, which also affects the adsorption capacity of 

activated carbon.  
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Fig. 5-3. Effect of initial pH value on Cr(VI) removal. 
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Cr(VI) adsorption behavior. The Langmuir isotherm is usually used to describe the 

monolayer adsorption on a homogenous surface, indicating that Cr(VI) adsorption onto 

BDC-STM30 and BDC-STM30-10.0HT tended to be monolayer adsorption [31]. As 

can be seen from Table 5-3, the maximum adsorbed amount (Xm) of Cr(VI) onto BDC-

STM30-10.0HT was 3.30 mmol/g, which was more than four times the Xm of BDC-

STM30. The increase of adsorption capacity can be explained by the increase of specific 

surface area and quaternary nitrogen (N-Q) content. Compared with BDC-STM30, the 

specific surface area of BDC-STM30-10.0HT increased from 673 to 1004 m2/g, and 

the total pore volume increased from 0.08 to 0.50 cm3/g, so BDC-STM30-10.0HT can 

provide more adsorption sites. Positive charges of quaternary nitrogen can provide 

more adsorption sites for anions, thus increasing the adsorption of Cr(VI). Moreover, 

the adsorption capacity of BDC-STM30-10.0HT for Cr(VI) was higher than that 

reported in the literature [32-36]. 

The Langmuir isothermal adsorption model defines RL as the separation factor, which 

is represented as Eq. (6): 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
,                                           (6) 

In the Langmuir isothermal adsorption models, 0 < RL < 1, indicating favorable 

adsorption of Cr(VI) on the adsorbents. 
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Table 5-3 Langmuir and Freundlich adsorption isotherm parameters of Cr(VI) at 

298K in aqueous solutions 

 

 

Fig. 5-4. Adsorption isotherms of Cr(VI) onto BDC-STM30 and BDC-STM30-

10.0HT. 
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 Xm  

(mmol/g) 

K1 

(L/mmol) 
RL R2 1/n KF R2 

BDC-STM30 0.78 1.35 0.08 0.993 0.43 0.11 0.909 

BDC-STM30-10.0HT 3.30 2.40 0.05 0.992 0.40 4.87 0.843 
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5.3.5 Adsorption kinetics 

 Fig. 5-5 shows the influence of the contact time of the activated carbon adsorbent 

with the heavy metal Cr(VI) on the adsorption amount. BDC-STM30 and BDC-

STM30-10.0HT have the same trend except for the adsorption amount of Cr(VI). In the 

first 30 minutes of contact time, the adsorption amount of activated carbons on Cr(VI) 

increased rapidly, and then gradually becomes slower with time. Finally, a stable 

adsorption saturation state was reached. This is because the pore structure and the 

adsorption sites in the activated carbon were gradually occupied by the adsorbed Cr(VI), 

and finally reach a saturated state. In order to more accurately describe the effect of 

contact time on adsorption behavior, pseudo-first-order and pseudo-secondary 

dynamics models were used to fit the adsorption data, and the results of the kinetic 

analysis are shown in Tables 5-4. As shown in Table 5-4, the R2 value of the pseudo-

second-order model was larger than that of the pseudo-first-order model and larger than 

0.99, which indicates that the pseudo-second-order model can better describe the 

adsorption of BDC-STM30 and BDC-STM30-10.0HT on Cr(VI). These facts suggest 

that the adsorption behavior is mainly governed by a chemisorption [37]. 
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Table 5-4 Kinetic parameters for Cr(VI) adsorption onto BDC-STM30 and BDC-SM30-

10.0HT 

 

Fig. 5-5. Cr(VI) adsorption kinetic by BDC-STM30 and BDC-STM30-10.0HT. 
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5.3.6 Regeneration experiment 

 In order to evaluate the recoverability of N-doped BDC-STM30-10.0HT activated 

carbon, five cycles of adsorption-desorption experiments were carried out. Fig.5-6 

shows the adsorption capacity of BDC-STM30-10.0HT for Cr(VI) as the function of 

the adsorption-desorption cycles. After five times regenerations, the adsorption 

capacity of BDC-STM30-10.0HT still had 54% of the initial adsorption capacity for 

Cr(VI), that it had better regeneration ability than our previously study [38]. 

 

Fig. 5-6. The regeneration adsorptive performance of BDC-STM30-10.0HT after five 

cycles. 
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BDC-STM30-10.0HT was analyzed by XPS after reacting with 8 mmol/L of Cr(VI) 

solution for 24 h at pH 2 and pH 9. As shown in Fig. 5-7, the Cr 2p3/2 peaks were fitted 

into two components at 577.1 eV and 579.5 eV, which might be due to Cr(VI) and 

Cr(III), respectively [39]. At pH 2, 79.6% of the adsorbed chromium existed in trivalent 

form, and the remaining 20.4% was present as Cr(VI). In contrast, 30.3% of the 

adsorbed chromium was reduced to trivalent chromium at pH 9, and 69.7% of the 

adsorbed chromium was present as Cr(VI). It was found that most of Cr existed in the 

form of Cr(III) rather than Cr(VI) on the BDC-STM30-10.0HT surface at pH 2. The 

existence of Cr(III) was originated from the reduction of Cr(VI) by the π electrons of 

the carbocyclic six-membered ring. At pH 9, the existing form of Cr(VI) becomes 

CrO4
2-, and the oxidation ability becomes weak, implying that most of Cr was adsorbed 

directly as Cr(VI), and a small part was reduced to Cr(III).  

 The FT-IR spectra measurement was also performed to investigate the interaction 

between BDC-STM30-10.0HT and the adsorbed Cr(VI) at pH 2. In Fig. 5-8, the peak 

locate at about 1612 cm-1 of BDC-STM30-10.0HT before Cr(VI) adsorption assign 

C=N [40]. This indicates that there was quaternary nitrogen on BDC-STM30-10.0HT. 

After Cr(VI) adsorption, new peaks centered at 576 cm-1 and 1267cm-1 can be observed, 

which is assigned to Cr-O and C-OH [41]. This proves that Cr(VI) was effectively 

adsorbed on the surface of activated carbon. This is consistent with the results of the 

XPS analysis. After adsorption, the surface of activated carbon was oxidized to produce 

a large number of C-OH functional groups.  

 Based on the evidence presented in this work, the mechanisms that control the 
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sorption of Cr(VI) on the pristine and N-doped activated carbon are illustrated in 

Scheme 5-1. 

 

 

 

Fig. 5-7. Cr 2p3/2 spectrum of BDC-STM30-10.0HT after Cr(VI) adsorption at pH 2 
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Fig. 5-8. FTIR spectra of BDC-STM30-10.0HT before and after adsorption. 
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4. Conclusion 

 In conclusion, we have successfully developed novel N-doped bean dregs activated 

carbon adsorbent BDC-STM30-10.0HT for heavy metal Cr(VI) removal in this study. 

We found that the quaternary nitrogen content of the N-doped activated carbon 

increased more than 18 times by 1000℃ heating, and the Cr(VI) removal experiments 

showed that BDC-STM30-10.0HT had a high adsorption capacity (3.30 mmol/g) of 

Cr(VI), which was far greater than BDC-STM30. The highest adsorption capacity of 

Cr(VI) by BDC-STM30-10.0HT was at pH 2. Moreover, BDC-STM30-10.0HT 

exhibits excellent reusable adsorption performance, after five regeneration experiments, 

and BDC-STM30-10.0HT showed superior recyclability. Therefore, BDC-STM30-

10.0HT is expected to be a promising adsorbent for the efficient removal of Cr(VI) from 

wastewater. 
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Chapter 6 Preparation of bamboo-based oxidized biochar for simultaneous 

removal of Cd(II) and Cr(VI) from aqueous solution 

 

6.1 Introduction 

Cd(II) and Cr(VI) are the common highly toxic heavy metals, which widely exist 

in printing and dyeing wastewater, electroplating wastewater and another industrial 

wastewater [1, 2]. Cadmium has adverse effects on human health, including pulmonary 

insufficiency, renal dysfunction, cancer, disease and hypertension [3]. Cadmium exists 

in water mainly in the main form of Cd(II) (Cd2+). Unlike cadmium, the main forms of 

chromium in aqueous solution are Cr(III) (Cr3+, Cr(OH)2
+) and Cr(VI) (HCrO4

-, CrO4
2-, 

Cr2O7
2-) [4, 5], and Cr(VI) is approximately 100 times highly more toxic than Cr(III) 

[6]. Cr(VI) is easily adsorbed by the human body, and has a great toxicity to human 

kidney, stomach and liver [7]. Cd(II) and Cr(VI) ions are both extremely toxic metals 

that usually exist simultaneously in electroplating, paint pigmentations, and printing 

and dyeing and wastewater [8, 9]. The existence of pollutants exhibit complicated 

interactions in adsorption behaviors [10]. Thus it is important to remove these heavy 

metals before discharging into environment. 

Existing methods for removal of Cr(VI) and Cd(II) from water include chemical 

precipitation [11, 12], membrane filtration [13, 14], ion exchange [15, 16], adsorption 

[17] and biological processes [18, 19]. Adsorption method is known to be an easy, low 

cost and high efficiency method for the treatment of heavy metals such as Cd(II) and 

Cr(VI) [20]. Surface adsorption is mainly dominated by electrostatic interaction, 
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hydrogen bonding, π-π stacking and pore-filling [21]. In the adsorption method, the 

selection of adsorbent is decisively important. Widely-used adsorbents such as biochar, 

zeolites, and molecular sieves generally have a large specific surface area. Among them, 

biochar derived from biomass has been proved to be a universal adsorbent for heavy 

metal because of its favorable physicochemical properties and relatively low cost [22-

24]. Moso bamboo is abundant, especially in Asia. It is characterized by the rapid 

growth (getting mature within 3-5 years only) compared with other plants, and thus is 

regarded as cheaply available biochar material [25].  

However, most of the biochar have low surface area due to the lack of porous 

structure. In order to overcome this shortcoming, ZnCl2 is generally used as a surface 

active agent to increase the specific surface area and the adsorption ability of biochar 

[26]. The higher specific surface area also allows the biochar surface to have a higher 

positive charge, which facilitates the adsorption of various anions, (e.g., Cr2O7
2-, CrO4

2-, 

NO3
-, and PO4

2-) [27]. Biochar not only has a porous structure, but also has some 

oxygen-containing functional groups on its surface. These oxygen-containing 

functional groups provide a prevalence of negative charges on the biochar which have 

the ability to adsorb cations (e.g., Cu2+, Cd2+, Pb2+, and Ni2+) [28]. Although the surface 

of biochar contains a certain amount of oxygen-containing functional groups, the 

number of the functional groups is small. Therefore, the oxygen-containing functional 

groups can be introduced to the surface of the biochar by oxidation method [29].  

At present, there are many studies on the adsorption of Cd(II) or Cr(VI) by biochar 

[30, 31], but this biochar was commonly used to remove Cd(II) or Cr(VI) separately 
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rather than simultaneously [32]. Because the adsorption potentials of Cd(II) and Cr(VI) 

are different, this becomes the main factor restricting their simultaneous adsorption. In 

previous studies, simultaneous removal of Pb(II) and Cr(VI) by a novel sewage sludge-

derived biochar immobilized nanoscale zero-valent iron (SSB-nZVI) was reported [33]. 

The change in pH is important in the adsorption process, however, it is often neglected. 

Furthermore, the presence of one metal ion in the solution may affect the adsorption of 

another metal ion. Hence, it is crucial to study the interaction of two ions in adsorption.  

 In this work, Cd(II) and Cr(VI) were selected as two representative heavy metals. 

The bamboo-based biochar was prepared, which was then modified by ZnCl2 and 

oxidized by (NH4)2S2O8 solution for the removal of Cd(II) and Cr(VI). The main 

objectives of this paper are: (1) to assess the production and surface properties of 

bamboo-based oxidized biochar; (2) to evaluate the removal of Cd(II) and Cr(VI) under 

different conditions; (3) to explore the possibility of Cd(II) and Cr(VI) simultaneous 

adsorption; (4) to study the interaction between Cd(II) and Cr(VI) during adsorption; 

(5) to demonstrate the adsorption mechanism of the prepared biochar for removal of 

Cd(II) and Cr(VI) in water. 

 

6.2 Materials and methods 

6.2.1 Preparation of oxidized biochars 

    The feedstock for the production of biochar was willow residues pruned from 

moso bamboo. Moso bamboo obtained in Aichi prefecture, Japan, was cut into chips (8 

mm*10 mm*5 mm, W*L*T) and used as a precursor for preparation of adsorbent. 
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The bamboo chips were dried in an oven at 110°C for 1 h. In this study, using the 

ZnCl2 as an activator, the prepared bamboo chips were impregnated with ZnCl2 solution 

at a ratio of 3 g-ZnCl2/g-bamboo, and then the mixture was dried in an oven at 110°C 

overnight. The resulting mixture was pyrolyzed for 1 h at 500°C under N2 atmosphere 

in a tubular furnace. The prepared biochar was placed in 1 M HCl solution and stirred 

for 1 h, rinsed in a Soxhlet extractor for 24 h, and dried overnight at 110°C. The 

obtained samples were referred to as BZ.  

The prepared biochars were oxidized in order to load the oxygen-containing 

functional groups. Using (NH4)2S2O8 solution as an oxidant, BZ (1.0 g) was added into 

0.6 kg/L (NH4)2S2O8 solution (50 mL) in a flask, and placed in 30°C water for 

continuously stirring for 6-48 h. After that, the resulting samples were filtered and 

washed with hot deionized water for several times until the filtrate pH became neutral, 

followed by drying in an oven at 110°C overnight. The obtained samples were referred 

to as BZ-APSxh, where x is the number of hours for oxidation. 

 

6.2.2 Characterization 

The specific surface area (SBET), mesopore volume (Vmeso) and micropore volume 

(Vmicro) of the prepared biochar were calculated based on N2 adsorption/desorption 

isotherms at −196°C using Bellsorp-mini II (MicrotracBEL, Co., Ltd., Japan) surface 

area analyzer. The surface morphology of the biochar was observed by Hitachi S-4800 

SEM (Hitachi, Japan). The elemental composition of C, H and N of the adsorbents was 

determined with Perkin Elmer 2400 II (Perkin Elmer Japan, Co., Ltd., Japan), and O 
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content was obtained by difference. X-ray photoelectron spectroscopy (XPS) analysis 

was performed using an ULVAC-PHI Model-1800 spectrometer. FTIR 

spectrophotometer (IRAffinity-1, SHI-MADZU, Japan) was used to analyze surface 

functional groups of adsorbents. The concentrations of Cr(VI) and Cd(II) solution after 

batch experiments were determined with atomic absorption spectrometer novAA300 

(Analytik Jena AG, Germany). 

 

6.2.3 Batch adsorption 

Batch Cr(VI) adsorption experiments were conducted to examine the adsorption 

and reduction performance of the prepared biochar as adsorbents. Potassium 

dichromate (K2Cr2O7) and cadmium nitrate (Cd(NO3)2) were used for preparing the 

stock solution of Cr(VI) and Cd(II). All batch experiments were carried out in 

Erlenmeyer flasks. A 0.02 g of the BZ-APS was put into a flask containing 20 mL of 

solution (Cr(VI) and/or Cd(II)) with various initial concentrations. The flasks were 

agitated in a water bath shaker at 25°C by the speed of 100 rpm. Sampling and filtration 

were carried out after a certain contact time.  

The effect of oxidation time of the oxidized biochar on the removal of Cr(VI) and 

Cd(II) was determined by using BZ-APS6h, BZ-APS12h, BZ-APS24h, and BZ-

APS48h at concentrations of 1000 mg/L in a mixed solution of Cr(VI) and Cd(II) under 

natural pH condition (pH 6). The concentrations of Cr(VI) and Cd(II) in solution were 

4 mmol/L each. 

The effect of solution pH on Cr(VI) and Cd(II) adsorption was examined by 
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mixing 20 mg of adsorbent with 20 mL of 1.5 mmol/L Cr(VI) and Cd(II) solution. The 

mixed solution had different pH values, ranging from 2 to 7. The initial pH of phosphate 

solution was adjusted by 0.1 M HCl and 0.1 M NaOH.  

To study the adsorption isotherms, 20 mg of the BZ-APS24h was mixed with 20 

mL of either Cr(VI) (0.1-7.7 mmol/L) or Cd(II) (0.1-2.2 mmol/L) at natural pH (pH 6), 

and then shaken at 100 rpm for 24 h at 25°C, 35°C and 45°C. And to study the kinetics 

of the adsorption process, 0.1 g of the BZ-APS24h was mixed with 20 mL of 4 mmol/L 

Cr(VI) and 4 mmol/L Cd(II) solution under natural pH (pH 6), followed by shaking at 

100 rpm.  

6.3 Results and discussion 

6.3.1 Physicochemical characteristics of biochars 

The elemental composition of oxidized biochar with different oxidation time was 

shown in Table 6-1. It can be seen from Table 6-1 that the oxygen content of the non-

oxidized BZ was 7.9%. After 6-48 hours of oxidation, the content of oxygen in biochar 

increases proportionally from 22.4% up to 30.1%. This indicates that oxygen functional 

groups would be loaded with the increase of oxidation time, on the biochar.  

The morphologies of the BZ and the BZ-APS24h prepared are shown in Fig. 6-1. 

It could be seen that nearly no porous structure was observed from a smooth surface of 

the BZ. The surface of the BZ-APS24h had a relatively fluffy porous structure, which 

was rougher than that of the BZ. This may be attributed to the destruction of the surface 

structure of oxidized biochar.  

The nitrogen adsorption-desorption isotherm curve of the BZ-APS24h is shown in 
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Fig. 6-2, and a type I isotherm was observed, which indicates the mainly microporous 

structure existence. The specific surface area (BET) and micro-/mesoporous structure 

of the biochar are shown in Table 6-2. It can be seen that the surface of the biochar 

before and after oxidation differed greatly. With the increase of oxidation time, the 

specific surface area of oxidized biochar decreased from 1730 m2/g to 928 m2/g, and 

total pore volume decreased from 1.61 cm3/g to 0.47 cm3/g. This principally is due to 

the fact that with increase of oxidation time, more oxygen-containing functional groups 

were loaded to the surface of biochar. But the plugging pore structure by increase of 

these functional groups is conducive to the removal of Cd(II). 

 The functional groups on oxidized biochar were analyzed by XPS. Detailed XPS 

survey of the regions for C1s of BZ and BZ-APS24h is shown in Fig. 6-3. For the C1s 

XPS spectrum of the BZ, a strong peak appeared at 285.4 eV, which is attributed to C-

C (77%), and the other peaks located at 286.7 and 288.4 eV are assigned to the C-O 

(13%) and C=O (6%), respectively. After oxidation, the C-O (21%) and C=O (12%) 

peaks of the BZ-APS24h contain obvious increment compared with BZ. This indicates 

that the functional groups on the surface of oxidized biochar are mostly –COOH, with 

a small amount of -OH. 
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Table 6-1 Elemental composition of each prepared biochar 

Sample C (%) H (%) N (%) O* (%) 

BZ 90.4 1.5 0.2 7.9 

BZ-APS6h 76.2 1.2 0.2 22.4 

BZ-APS12h 75.0 1.2 0.2 23.6 

BZ-APS24h 72.9 1.3 0.2 25.6 

BZ-APS48h 68.3 1.4 0.2 30.1 

* Calculated by difference 

 

Table 6-2 Textural and surface properties of each prepared biochar 

Sample 

SBET 

(m2/g) 

Vtotal 

(cm3/g) 

Vmicro 

(cm3/g) 

Vmeso 

(cm3/g) 

BZ 1730 1.61 1.55 0.06 

BZ-APS6h 1480 1.06 1.02 0.04 

BZ-APS12h 1350 0.95 0.93 0.02 

BZ-APS24h 1120 0.62 0.61 0.01 

BZ-APS48h 928 0.47 0.45 0.02 
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Fig.6-1 SEM images of BZ (a) and BZ-APS24h (b). 

 

(b) 

(a) 
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Fig.6-2 Nitrogen adsorption isotherm of BZ-APS24h. 
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Fig.6-3 XPS survey spectra of BZ (a) and BZ-APS24h (b). 
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6.3.2 Effect of initial oxidation time 

From Tables 6-1 and 6-2, it can be understood that the increase of oxidation time 

caused the increase of surface functional groups on the oxidized biochar, so their 

adsorption capacity for Cr(VI) and Cd(II) should be different. Fig. 6-4 shows the 

adsorption capacity of Cr(VI) and Cd(II) with different oxidation times. It was observed 

that when oxidation time increased from 6 h to 24 h, the adsorption capacity of Cr(VI) 

and Cd(II) increased; when the oxidation time increased from 24 h to 48 h, the adsorbed 

amount of Cd(II) remained unchanged, but the adsorbed amount of Cr(VI) decreased. 

Meanwhile, the equilibrium pH of the solution decreased with the increase of oxidation 

time of biochar. The existence of chromium in the solution after adsorption was 

measured Fig. 6-4(a). The results show that the adsorption performance of oxidized 

biochar for mixed solution of Cr(VI) and Cd(II) reached the highest point when the 

oxidation time was 24 hours. At the same time, the existence of chromium in the 

solution after adsorption was measured and the results are shown in Fig. 6-4(b). It can 

be inferred that the remaining chromium in the solution was mainly Cr(VI), and no 

Cr(VI) was reduced to Cr(III) under these conditions. 
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Fig. 6-4 Simultaneous removal of Cd(II) and Cr(VI) by different materials. 
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6.3.3 Effect of solution pH 

 Initial solution pH has an significant impact on the removal efficiency of Cr(VI) 

and Cd(II) in aqueous solution. Cadmium species are found to be present in deionized 

water in the forms of Cd2+, Cd(OH)+, Cd(OH)2
0, Cd(OH)2(s), etc [34]. Cd2+ begins to 

precipitate when pH > 7, thus, the effect of pH was studied within the range from 2 to 

7. The effects of solution pH on Cr(VI) adsorption, Cd(II) adsorption and co-adsorption 

of Cr(VI) and Cd(II) with oxidized biochar BZ-APS24h samples were investigated as 

shown in Fig. 6-5.  

For adsorption of Cr(VI), the adsorbed amount of Cr(VI) on BZ-APS24 decreased 

as pH increased from 2 to 7. This is because the solution pH value significantly affected 

the structure of the adsorbents, the surface charges of the adsorbent and the surface-

reactive functional groups in the solution. Cr(VI) exists in different ionic forms in 

aqueous solution. When solution pH is greater than 6, it presents as CrO4
2-; when pH is 

ranging from 1.0 – 6.0, it exists as Cr2O7
2- and HCrO4

- [35], which are favorably 

adsorbed by BZ-APS24h at low pH because of the electrostatic attraction. When the 

initial pH was from 2 to 6, equilibrium solution pH was found to increase. Increase in 

pH can be explained by solute–sorbent binding reactions. When the oxo groups on the 

surface of the biochar are in contact with the solution, the following reaction occurs 

[36]: 

CxO + HCrO4
  − + 2H2O → CxO2H3CrO3

  + + 2OH−      (6-1) 

CrO4
  2− + 2H+ → Cr2O7

  2− + H2O .                 (6-2) 

On the contrary, for adsorption of Cd(II) alone, the adsorbed amount increased as 
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the pH increased from 2 to 5. When the initial pH was changed from 5 to 7, the 

equilibrium pH of the solution dropped to 3.5-4, while the adsorption amount did not 

significantly change. In the adsorption process of Cd(II) on biochar, Cd(II) ions were 

exchanged with protons on the surface carboxy group or other functional groups of the 

oxidized biochar, causing the decrease in the solution pH; when the pH of the solution 

dropped to a certain level, the ion exchange was no longer progressed. Through the 

adjustment of the equilibrium pH of the solution by adding NaOH to the solution, the 

effect of equilibrium pH on the adsorption amount of Cd(II) was obtained, as shown in 

Fig. 6-5(c). It can also be seen from Fig. 6-5(c) that the equilibrium pH had a greater 

effect on Cd(II) adsorption than initial pH. As the equilibrium pH increased, the 

adsorbed amount of Cd(II) increased. The higher pH may lead to the transformation of 

−COOH groups present in the biochar into −COO−, which was conductive to the 

adsorption of Cd2+. 

Fig. 6-5(d) shows the effect of initial pH in mixed solution of Cr(VI) and Cd(II). 

It could be clearly seen that the co-adsorption of Cd(II) and Cr(VI) was the same as 

adsorption of the Cr(VI) or Cd(II), and the pH change before and after adsorption was 

not significant. With the increase of the initial pH, the adsorbed amount of Cd(II) in the 

mixed solution gradually increased, while the adsorbed amount of Cr(VI) gradually 

decreased. Usually, the pH in natural water is about 6. Therefore, the initial pH value 

of 6 was selected for the further studies on Cr(VI) and Cd(II) ions adsorption. 
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Fig. 6-5 Effect of initial pH value on Cr(VI) removal (a); effect of initial pH value on 

Cd(II) removal (b); effect of equilibrium pH value on Cd(II) removal (c); effect of initial 

pH value on Cd(II) and Cr(VI) simultaneous removal (d). 
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6.3.4 Effect of contact time and adsorption kinetics 

 The contact time between the adsorbate and the adsorbent is an important factor 

affecting the water treatment. It can be seen from Fig. 6-5 that the pH of the solution 

changes with the adsorption, so it is important to study the change of pH with time 

during the adsorption process. Fig. 6-6 shows the time course of removal efficiency of 

Cr(VI) and Cd(II) together with the change of pH. It can be seen that both the Cd(II) 

and Cr(VI) adsorption equilibriums can be reached within 180 min in Cd(II) solution, 

Cr(VI) solution and mixed solution of Cd(II) and Cr(VI) mixed solution. As shown in 

Fig. 6-6(a1) and Fig. 6-6(a2), for the removal of Cd(II) alone, the pH of the solution 

dropped from 6.1 to 3.3 since the start of adsorption is due to the exchange of Cd2+ and 

H+ ions during adsorption. When the adsorption reached equilibrium, the pH of the 

solution tended to be stable at 3.3. In contrast, it can be seen from Fig. 6-6(b1) and Fig. 

6-6(b2) that for the removal of Cr(VI) alone, the pH of the solution first decreased from 

6.1 to 5.5 and then gradually increased to 5.7, which was a less significant change 

compared with the adsorption of Cd(II) alone. In the mixed solution of Cd(II) and 

Cr(VI), Fig. 6-6(c1) indicates that both Cr(VI) and Cd(II) were well adsorbed, and Fig. 

6-6(c2) indicates that the pH of the solution dropped rapidly from 6.1 to 4.4 within 20 

minutes, then gradually rose to 5.0 from 20 minutes to 480 minutes. This is mainly due 

to that the adsorption of cadmium first led to a decrease in pH, and then the adsorption 

of chromium caused the rise of pH.  

The results of the kinetic analysis are shown in Tables 6-3 and 6-4. The pseudo-

first-order model has lower correlation coefficient (R2) compared to that of the pseudo-
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second-order models, and all R2 values are greater than 0.99 for pseudo-second-order 

models. This indicates that the pseudo-second-order kinetic model is more appropriate 

than pseudo-first-order kinetic model in describing the adsorption process of Cd(II) and 

Cr(VI) onto BZ-APS24h. These facts suggest that the adsorption behavior is mainly 

governed by diffusion control mechanism in Cd(II) solution, Cr(VI) solution and mixed 

solution of Cd(II) and Cr(VI) [37, 38]. 

 

Table 6-3 Kinetic parameters for single Cd(II) and Cr(VI) adsorption 

 Pseudo-first-order   Pseudo-second-order 

 Qe  k1  
R2 

Qe  k2  
R2 

(mmol/g) (min-1) (mmol/g) (g/mmol·min) 

Cd(II)  1.34 0.07 0.766 0.26 0.67 0.996 

Cr(VI)  1.78 0.06 0.812 0.60 3.25 0.997 

 

Table 6-4 Kinetic parameters for simultaneous Cd(II) and Cr(VI) adsorption 

 Pseudo-first-order  Pseudo-second-order 

 
Qe  

(mmol/g) 

k1  

(min-1) 
R2 

Qe  

(mmol/g) 

k2  

(g/mmol·min) 
R2 

Cd(II) 1.42 0.24 0.964 0.47 0.52 0.999 

Cr(VI) 2.76 0.14 0.721 0.84 0.19 0.999 
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Fig.6-6 Effect of contact time: (a1) changes in adsorption quantities in single Cd(II) 

removal; (a2) changes in solution pH for single Cd(II) removal; (b1) changes in 

adsorption quantities for Single Cr(VI) removal; (b2) changes in solution pH for Single 

Cr(VI) removal; (c1) changes in adsorption quantities for Cd(II) and Cr(VI) 

simultaneous removal; (c2) changes in solution pH for Cd(II) and Cr(VI) simultaneous 

removal. 
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6.3.5 Equilibrium adsorption isotherms 

The adsorption isotherms of individual Cr(VI) and Cd(II) on BZ-APS24h are 

shown in Fig. 6-7. Langmuir and Freundlich models were applied to investigate the 

adsorption process of Cr(VI) and Cd(II) at 25°C, 35°C and 45°C. The different isotherm 

constants determined are shown in Tables 6-5 and 6-6. The Langmuir model was more 

fitted than the Freundlich model, with R2 ranging from 0.989 to 0.998 for the BZ-

APS24h. The Langmuir isotherm is usually used to describe the mono-layer adsorption 

on a homogenous surface. Therefore, the adsorption of Cr(VI) and Cd(II) on the BZ-

APS24h should be monolayer, showing uniform surface properties [39].  

By comparing the maximum adsorption capacity (Xm) at different temperatures, it 

can be seen that the adsorption amount of Cd(II) decreased with the increase of 

temperature, and the maximum adsorption amount of Cr(VI) increased with the 

increase of temperature. This indicates that the adsorption of Cr(VI) by oxidized 

biochar is an endothermic reaction, while the adsorption of Cd(II) is an exothermic 

reaction. This result is consistent with the previous reports [40, 41].  
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Table 6-5 Langmuir and Freundlich adsorption isotherm parameters of Cd(II) in 

aqueous solution 

 Langmuir model  Freundlich model 

Temperature 
Xm  

(mmol/g) 

K1  

(L/mmol) 
R2  Kf 

([mmol/g][mmol/L])n 
1/n R2 

25℃ 0.27 33.9 0.998  0.022 0.27 0.787 

35℃ 0.21 28.5 0.996  0.027 0.16 0.944 

45℃ 0.15 25.6 0.989  0.012 0.09 0.916 

 

Table 6-6 Langmuir and Freundlich adsorption isotherm parameters of Cr(VI) in 

aqueous solution 

 Langmuir model  Freundlich model 

Temperature 
Xm  

(mmol/g) 

K1  

(L/mmol) 
R2  Kf 

([mmol/g][mmol/L])n 
1/n R2 

25℃ 0.65 8.36 0.998  0.20 0.17 0.976 

35℃ 0.76 9.43 0.998  0.28 0.19 0.972 

45℃ 0.86 11.19 0.997  0.35 0.21 0.934 

 

  



 147 

 

 

 

Fig. 6-7 Adsorption isotherms of Cd(II) onto BZ-APS24h (a) and BZ-APS24h (b). 
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6.3.6 Mutual influence of Cd(II) and Cr(VI)  

Fig. 6-8(a) shows the results of adsorption experiments for Cr(VI) solution 

containing different concentrations of Cd(II). As the Cd(II) concentration in the solution 

increased from 0 to 400 mg/L, the adsorbed amount of Cr(VI) increased from 0.62 to 

0.97 mmol/g, and the equilibrium pH dropped from 5.5 to 4.1. This may be due to that 

the adsorption of Cd(II) led to a decreased solution pH that was favorable for the 

adsorption of Cr(VI), so the presence of Cd(II) is beneficial to the adsorption of Cr(VI) 

on oxidized biochar. Similarly, the solution pH rose due to the adsorption and reduction 

of Cr(VI), as the Cd(II) concentration in the solution increased from 0 to 400 mg/L, the 

equilibrium pH went up from 3.0 to 5.3, and the adsorbed amount of Cr(VI) increased 

from 0.28 to 0.79 mmol/g, as shown in Fig. 6-8(b). This indicates that the presence of 

Cr(VI) is contributed to the adsorption of and Cd(II), this is because the adsorption of 

Cr(VI) results in the increase of solution pH, and the increase of pH is favorable for the 

adsorption of Cd(II). 
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Fig. 6-8 Mutual influence of coexisting Cd(II) and Cr(VI): adsorption of (a) Cr(VI) 

and (b) Cd(II). 
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6.3.7 Possible adsorption mechanism 

 The oxygen functional groups of biochar play a vital role in the adsorption process. 

The adsorption of Cd(II) onto the BZ-APS24h mainly depends on the oxygen functional 

groups. As shown in Fig. 6-9, the FTIR analysis reveals the surface functional groups 

of prepared biochar. The peak located at about 1612 cm-1 and 3564 cm-1 might assign 

O=C-O and -OH [42], respectively. It can be seen that the peak of -COOH on BZ-

APS24h was larger than that on BZ. After the simultaneous adsorption of Cd(II) and 

Cr(VI), the peaks at -COOH and -OH of BZ-APS became larger. This is due to the 

strong oxidability of Cr(VI), and the surface of biochar was oxidized in the process of 

adsorption. 

In order to determine the adsorption mechanism, XPS analysis of BZ-APS24h after 

Cr(VI) and Cd(II) adsorption was performed. As shown in Fig. 6-10(a), the Cd3d5 

spectrum was divided into only one peak in 406 eV, which indicates that Cd(II) was 

adsorbed on the surface of biochar by Cd2+ ions. As shown in Fig. 6-10(b), for the 

removal of Cr(VI), two peaks appeared at 577.8 and 580.4 eV in the Cr2p3/2 region, 

which might be due to Cr(VI) and Cr(III), respectively [43]. It was found that most of 

Cr existed in the form of Cr(III) rather than Cr(VI) on the BZ-APS24h surface. The 

existence of Cr(III) is originated from the reduction of Cr(VI) by the π electrons of the 

carbocyclic six-membered ring [44]. Based on the analysis in Fig. 6-6, it can be 

concluded that the adsorption rate of Cd(II) was faster, so Cd2+ was first exchanged 

with H+ of the -COOH on the surface of the BZ-APS24h, resulting in a drop in the pH 

of the solution. At the same time, due to the drop in pH of the solution, which became 
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conducive to the adsorption of Cr(VI). The adsorption of Cr(VI) was also carried out 

simultaneously. A portion of Cr(VI) was directly adsorbed on the surface of biochar, 

and another portion of Cr(VI) was reduced to Cr(III). OH- ions are released during the 

reduction and adsorption of Cr(VI), and the H+ ions released during Cd(II) adsorption 

are neutralized. 

 

Fig. 6-9 FTIR spectra of BZ, BZ-APS24h and BZ-APS24h after adsorption 
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Fig. 6-10 XPS survey spectra of Cd3d5 (a) and Cr2p3/2 (b) for the BZ-APS24h after 

adsorption.  
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6.4 Conclusion 

 In summary, oxidized biochar (BZ-APS24h) was successfully prepared using 

bamboo. The prepared BZ-APS24h is rich in oxygen-containing functional groups and 

reserves a high specific surface area. The BZ-APS24h exhibited excellent adsorption 

performance for the removal Cd(II) and Cr(VI), with adsorption capacity of 0.65 

mmol/g (33.8 mg/g) for removal of Cr(VI) removal, and 0.27 mmol/g (30.3 mg/g) for 

removal of Cd(II) at 25°C. BZ-APS24h is capable of simultaneously adsorbing Cd(II) 

and Cr(VI) in a mixed solution of Cd(II) and Cr(VI). The pH of the solution has a great 

influence on the adsorption process. Cd(II) adsorption causes a decrease in pH, while 

adsorption of Cr(VI) causes an increase in pH. Acidic pH is favorable for the adsorption 

of Cr(VI), while neutral pH is favorable for the adsorption of Cd(II). The coexistence 

of Cd(II) and Cr(VI) can promote the adsorption of the other ion. Thus, BZ-APS24h is 

demonstrated to be an excellent adsorbent for simultaneous removal of Cd(II) and 

Cu(VI) from aqueous solution. 
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Chapter 7 Conclusions and outlooks 

7.1 Conclusions 

 In this study, bamboo and bean dregs as biomass materials were developed as raw 

materials of activated carbon to adsorb Cd(II) and Cr(VI). Meanwhile, commercially 

available activated carbon CGP was also activated to increase the adsorption capacity 

of Cr(VI). This study has mainly achieved the following conclusions. 

 (1) Activated carbon BAP with high specific surface area (1470 m2/g) and high 

mesopore volume (1.64 cm3/g) can be prepared by NaOH pretreatment and H3PO4 

activation of bamboo. After oxidation of BAP, more oxygen-containing functional 

groups were supported on the surface. The Na-intercalated oxidized activated carbon 

BAP1-Na could keep the pH of the solution constant during the adsorption process, and 

it was very effective for the removal of Cd(II). Compared with BAC, BAP1-Na has a 

faster adsorption rate for Cd(II), which is attributed to the high mesoporous volume of 

BAP. After studying the effect of pH on the solution, it was found that the equilibrium 

pH of the solution had a great influence on the adsorption amount. With the increase of 

pH, the adsorption amount of Cd(II) on activated carbon decreased. 

 (2) The specific surface area of the commercially available activated carbon CGP 

can be greatly improved by KOH activation, thereby greatly increasing the adsorption 

amount of Cr(VI). The activated carbon CGP-K3-800 adsorbent prepared by KOH 

activation has an adsorption capacity of 4.99 mmol/g, which is 1.64 times that of CGP. 

By studying the effect of pH, it was found that CGP-K3-800 had better adsorption under 

acidic conditions. The adsorption reaction is in accordance with the Langmuir model, 
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and the increase in temperature can enhance the adsorption capacity of CGP. CGP-K3-

800 exhibits better regeneration performance than CGP. As the reuse time increases, the 

surface of the activated carbon is gradually oxidized, which leads to a gradual decrease 

in the reducing ability. At the same time, this also shows that the activated carbon after 

oxidation still has a strong adsorption capacity for Cr(VI). 

 (3) Nitrogen-doped biochar adsorbent BZ-9.5AG-30min was successfully prepared 

by using ZnCl2 activation and ammonia treatment to remove heavy metal Cr(VI). Cr(VI) 

removal experiments show that BZ-9.5AG-30min has a higher Cr(VI) adsorption 

capacity (4.31 mmol/g), which is much higher than previously reported. The effect of 

pH indicates that the maximum adsorption capacity of BZ-9.5AG-30min for Cr(VI) is 

pH2. The adsorption reaction accords with the Langmuir model, and the kinetic analysis 

shows that the adsorption of Cr(VI) is good by the pseudo second-order model fitted 

by BZ-9.5AG-30min. After five times regeneration experiments, BZ-9.5AG-30min has 

good recyclability. Therefore, BZ-9.5AG-30min is expected to be a promising 

adsorbent for effectively removing hexavalent chromium from wastewater. 

 (4) The biochar adsorbent BDC-STM30-10.0HT was successfully prepared using 

bean dregs as a raw material to remove heavy metal Cr(VI). The activation method uses 

an environmentally friendly steam activation method. Cr(VI) removal experiments 

show that BDC-STM30-10.0HT has a high adsorption capacity (3.30 mmol/g), which 

is much higher than BDC-STM30. This may be due to an increase in specific surface 

area and quaternary nitrogen content. The pH of the solution showed a significant effect 

on the adsorption of Cr(VI), and the adsorption capacity under acidic conditions was 



 162 

better. After five times regeneration experiments, BDC-STM30-10.0HT exhibited 

excellent reusable adsorption properties. 

(5) Oxidized biochar (BZ-APS24h) was prepared using bamboo. The prepared BZ-

APS24h is rich in oxygen-containing functional groups and retains a high specific 

surface area. BZ-APS24h can adsorb both Cd(II) and Cr(VI) at the same time, and both 

exhibit excellent adsorption properties. The adsorption capacities of Cr(VI) and Cd(II) 

alone were 0.65 mmol/g (33.8 mg/g) and 0.27 mmol/g (30.3 mg/g), respectively. By 

studying the influence of adsorption time, it is found that the pH value of the solution 

has a great influence on the adsorption process. Adsorption of Cd(II) leads to a decrease 

in pH, while adsorption of Cr(VI) leads to an increase in pH. The acidic pH value is 

favorable for the adsorption of Cr(VI), while the neutral pH value is favorable for the 

adsorption of Cd(II). Therefore, BZ-APS24h proved to be an excellent adsorbent for 

simultaneously removing Cd(II) and Cr(VI) from an aqueous solution. 

 

7.2 Outlooks 

 In this study, bamboo, bean dregs and commercially available activated carbon 

CGP were used as raw materials to prepare adsorbents to remove heavy metal ions 

Cd(II) and Cr(VI) in aqueous solution. Different activation methods have been used to 

achieve a better adsorption effect. However, due to time and condition constraints, 

further research is needed on the adsorption mechanism. Therefore, it is recommended 

to conduct further research from the following recommendations: 

 (1) In the study of Cr(VI) adsorption, only the specific surface area, nitrogen 
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content and quaternary nitrogen content of activated carbon were investigated for the 

adsorption of Cr(VI), but the effect on oxygen content was not discussed in detail. 

Future studies can investigate the effects of oxygen content and the adsorption of 

oxygen-containing functional groups on Cr(VI) adsorption. 

 (2) It is conceivable to study the simultaneous adsorption of more heavy metal ions. 

Due to time constraints, only the simultaneous adsorption of heavy metal ions Cd(II) 

and Cr(VI) was investigated. In the future research, it is possible to consider adding 

more kinds of heavy metal ions to study the interaction between ions at the same time 

of adsorption. 

 (3) The test water in this study is an ideal and artificial solution prepared from 

chemicals, and the research on the adsorption of heavy metals in the actual wastewater 

is insufficient. In order to make the research more practical, actual wastewater can be 

used for research in future research. 
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