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Abstract 

 

   Adsorption of Pb and Cd onto a biosorbent, carbonized Polygonum sachalinense 

(CPS) was investigated. The carbonization condition was 1 hour at 350ºC. The 

adsorption behaviors of Pb and Cd onto CPS could be explained by a proposed 

adsorption model based on the monodentate binding of the divalent metal ions with two 

types of adsorption sites. The adsorption sites were considered as carboxylic and 

phenolic groups based on the results of Boehm titration and FT-IR analysis. The 

maximum adsorption capacity of CPS for the divalent metal ions was determined as 

1.22 mmol/g, and it was much larger than the values reported in the previous reports. 

The binding affinities of Pb of the adsorption sites were considered as much higher than 

those of Cd based of the adsorption constants. The adsorption constants of Pb and Cd 

with carboxylic group were about 200-2000 times larger than the of the adsorption 

constants with phenolic group. The kinetics of Pb and Cd onto CPS were also 

investigated. It was found that the adsorption of the divalent metal ions onto the 

phenolic group was a rate limiting step. 

 

Keywords: Biosorption; Plant-derived adsorbent; Metal ion removal; Adsorption model  



 

2 

 

1. Introduction 

 

   The concentration of heavy metals in natural water is generally very low, however, 

they become concentrated throughout the food chain to the extent of posing a serious 

health hazard to higher predators [1]. Among them, Pb and Cd have been very harmful 

to the human body. Pb affects hematopoietic function and can have adverse effects on 

the nervous, digestive, and reproductive systems. Cd can cause diseases such as skeletal 

deformities, cancer, and liver damage, which have been accumulated in the body. 

Therefore, the removal of heavy metals from aqueous environments is very important. 

For these reasons, The World Health Organization (WHO) has set the effluent limit in 

drinking water for Pb at 0.01 mg/L and Cd at 0.003 mg/L, respectively [2,3]. 

   Recently, various methods have been employed to remove heavy metals, for 

example, membrane techniques [4,5], chemical precipitation method [6-8], adsorption 

[9-11], electrochemical treatment [12-14], solvent extraction [15,16], and so on. Among 

them, adsorption technique is considered one of the simplest methods to remove heavy 

metals from dilute solutions because of its low cost, convenient operation, and high 

removal efficiency [17]. Various adsorbents have been attempted to remove heavy 

metals, i.e., ion-exchange resin [9-11], activated carbon [18-20], zeolite [21-23], 
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hydrogel [24,25], etc. In the last two decades, adsorbents using biomaterials 

(biosorbent) and adsorption method using them (biosorption) have been attracting much 

attention [26]. 

   Since biosorbents can be prepared in huge quantities at lower cost than commercial 

adsorbents, biosorption should be suitable for usage in areas where low-cost 

environmental remediation processes are required. Therefore, various biosorbents have 

been studied, for example, bacteria [27,28], yeast [29], biopolymers [30], microalgae 

[31-33] and so on. However, these have required complex pretreatment (centrifugation, 

immobilization, or modification), resulting in become costly and impractical. On the 

other hand, plant-derived biosorbents have not required complex pretreatments and are 

available at a lower cost. For these reasons, many studies have been reported, such as 

seaweed [34,35], wheat straw [36-38], pinecone [39,40], fruit peels [41-43], corn 

[44-46], sugarcane [47,48], olive [49,50], peanut husk [51,52], and other plants [53-56]. 

   Polygonum sachalinense is a large perennial herb found in the mountains and 

riverside of Northeast Asia. In Japan, it has been mainly treated as a weed. Moreover, 

due to its stout and vigorously growing, P. sachalinense has rapidly expanded in Europe 

and North America and has become an invasive alien plant [57-59]. However, until now, 

there are few studies on the effective utilization of P. sachalinense. Therefore, the 
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effective utilization of P. sachalinense as a biosorbent would be an economical and 

environmentally friendly way to remove heavy metal ions. 

   In this study, carbonized P. sachalinense (CPS) is used as a biosorbent, and the 

adsorption experiments were carried out to remove Pb and Cd from an aqueous phase in 

a batch system. CPS was not done many pretreatments, but only carbonization and 

grinding were done as pretreatment. In many previous studies on biosorbents, 

regeneration of the adsorbents has been considered. However, regeneration of 

biosorbents is costly in terms of acid reagents, treatment process, and their retrieval 

after the adsorption process. In addition, it is necessary to consider the treatment of the 

acidic solution containing toxic substances produced after regeneration. These problems 

could prevent the biosorbent from practical use. Therefore, it will be less costly to use 

the adsorbent as a disposable type than to reuse it. Although it is practically impossible 

to use CPS as a packing layer because of its small size, it is expected that CPS could be 

used as a disposable adsorbent at low cost by quickly recovering the adsorbent by foam 

separation or flocculation after adsorption operation in a dispersed system. For these 

reasons, in this study, we assumed that CPS is used as a disposable type of biosorbent, 

so the regeneration of CPS was not considered. 

   The purpose of this study is to evaluate the adsorption performance of CPS on the 
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removal of Pb and Cd and to investigate the possibility of using CPS as a low-cost 

biosorbent for heavy metal removal. To estimate the amount adsorbed of Pb and Cd, we 

proposed an adsorption model considering multiple types of adsorption sites and 

analyzed the adsorption behavior of Pb and Cd onto CPS. 
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2. Materials and methods 

 

2.1. Chemicals 

 

   Nitric acid, sodium hydroxide, lead (II) nitrate, methyl orange, phenolphthalein, 

were purchased from FUJIFILM WAKO Pure Chemical Corporation (Japan). 

Hydrochloric acid, sodium bicarbonate, sodium carbonate, zinc chloride, cadmium 

nitrate tetrahydrate, were purchased from KANTO CHEMICAL Co., INC. (Japan). 

These chemicals were analytical reagent grade. They were used without further 

purification. Deionized water was used for all experiments. 

 

2.2. Preparation of biosorbents 

 

   The stems of P. sachalinense was collected from Hakodate campus of Hokkaido 

university (Hokkaido prefecture, Japan). P. sachalinense was cut into about 3 cm in size 

and was washed several times with deionized water to remove surface dirt and inorganic 

matter. It was dried in a dryer at 80°C for 24 hours. This will be referred as PS. 

Carbonization of PS was carried out in a muffle furnace (Burn Out Furnace 007-Plus, 
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KDF, Japan) at a desired temperature and time under air atmosphere (temperature rise 

rate was 15°C/min). Hereafter, carbonized PS will be abbreviated as CPS. 

   Generally, commercially activated carbon is often prepared by an operation called 

activation, which pores are introduced into the carbon materials. In this study, to 

compare the adsorption performance with or without this activation, PS-derived 

activated carbon was also prepared according to the activation method using ZnCl2 [60]. 

First, the dried PS was immersed in ZnCl2 solution (20 mL, 1.0 mol/L) at 80°C for 4 

hours. Then, it was separated from the solution using a nylon filter (0.27 mm) and was 

dried at 80°C for 24 hours to remove the remaining water. The impregnated PS was set 

in a stainless container filled with nitrogen gas and heated at 500°C for 1 hour using a 

muffle furnace (temperature rise rate was 10°C/min). After cooling, the activated carbon 

prepared with ZnCl2 was washed with dilute HCl solution and was further washed with 

warm water until the pH was stabilized. Then, it was dried in a dryer at 80°C for 24 

hours. 

   PS and CPS were ground in a mill mixer and were sieved through 80 mesh (0.177 

mm) sieves. CPS with the particle size less than 0.177 mm was used in the experiment. 

All the adsorbents were dried in a dryer at 80°C for 24 hours before being used in the 

experiments. 
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2.3. Adsorption experiments of Pb and Cd onto PS and CPS 

 

   All adsorption experiments were conducted in a batch system. A certain 

concentration of the metal solution containing PS (0.1 L) was stirred at 60 rpm for 48 

hours at 25℃ using a mixed rotor (VMRC-5, AS ONE, Japan). A certain concentration 

of the metal solution containing CPS (0.5 L) was stirred at 350 rpm for 24 hours at 25℃ 

using a magnetic stirrer (REXIN RS-4DN, AS ONE, Japan). The mass of PS and CPS 

was set to 0.1 g for all adsorption experiments. The pH of the solution was adjusted with 

HNO3 or NaOH solutions. After stirring, the adsorbent was separated from the solution 

by standing. And then, the pH and metal ion concentration of the supernatant solution 

were measured. The equilibrium pH of the solution was measured with a pH meter 

(InLab®410, METTLER TOLEDO, Switzerland). The concentrations of Pb and Cd in 

the liquid phase was determined with an atomic absorption spectrophotometer 

(AAnalyst 200, Perkin Elmer, U.S.). The amount adsorbed of Pb and Cd was evaluated 

by the following equation. 

 

   
m

VCC
q

)( mem0
e


             (1) 
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where qe (mol/g) represents the experimental value of the amount adsorbed of Pb or Cd. 

Cm0 and Cme (mol/L) represent the initial and the equilibrium concentration of the 

adsorbate, respectively. V (L) represents the volume of the solution. m (g) represents the 

mass of the adsorbent. The effect of contact time (0-24 hours) was also studied by 

varying contact time while keeping all other parameters fixed. Almost experiments were 

repeated at least twice. The repeatability of the experimental results has been confirmed. 

Infrared spectra of adsorbent were measured using Fourier transfer infrared 

spectrophotometer (FT/IR-4600AC, JASCO co., Japan). 

 

2.4. Boehm titration of PS and CPS 

 

The amount of oxygen functional groups (phenolic, lactone, and carboxyl group) 

included PS and CPS were determined by the Boehm titration method [61-63]. PS and 

CPS (0.05 g) were added to 30 mL of NaOH (0.05 mol/L), Na2CO3 (0.01 mol/L), and 

NaHCO3 (0.01 mol/L) solutions, respectively, and were shaken at 25℃ for 48 hours 

using a mixed rotor (VMRC-5, AS ONE, Japan). Then, the suspension was then filtered. 

The filtrated solution (5.0 mL) was titrated with HCl solution (0.01 mol/L) for 
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neutralization. Methyl orange and phenolphthalein were used as an indicator for titration. 

It is thought that NaOH neutralizes all Brønsted acid sites (phenolic, lactone, and 

carboxyl groups) and Na2CO3 neutralizes carboxyl and lactone groups, and NaHCO3 

neutralizes only carboxyl groups. The difference in the uptake of each base was used to 

quantify the type of oxygen surface groups included PS and CPS. 
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3. Results and discussion 

 

3.1. Influence of carbonization on number of acidic adsorption sites 

 

   Adsorption isotherms of Pb onto PS and CPS (carbonized at 350°C for 1 hour) are 

shown in Fig. 1. The experiments were conducted at pH 5.1. The initial concentration of 

Pb was set to 0.05-0.35 mmol/L. The amount adsorbed of Pb onto CPS was larger than 

that onto PS. The main metal binding sites of biosorbents are dissociative acidic 

functional groups such as phenolic and carboxyl groups. Boehm titration was applied to 

PS and CPS to quantify acidic functional groups. The results are listed in Table 1. It was 

reported that phenylpropanoid glycosides and flavonoids were the main types of 

compounds in P. sachalinense [64,65]. Thus, PS mainly contained lactone and phenolic 

groups with 1.25 and 1.03 mmol/g, respectively. In CPS, the number of carboxyl, 

lactone, and phenolic groups were 0.27, 1.38, and 2.07 mmol/g, respectively. The 

number of the total acidic functional groups of CPS increased compared to PS. 

Bardestani et al. [66] reported that carbonization of plant-derived biomass at medium or 

low temperatures under an air atmosphere leads to oxidation reactions on the surface of 

the adsorbent. As the result, the number of acidic functional groups increases compared 
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to that before carbonization. Thus, it is considered that the carbonization treatment in 

this study also increases the number of acidic functional groups, resulting in that the 

amount adsorbed of Pb onto CPS is larger than that onto PS. Moreover, Rahim et al. 

[67] reported that when plant-derived biomass is carbonized at temperatures above 

300°C, cellulose and some lignin are decomposed into volatile components. This leads 

to forming pores on the adsorbent surface. In this study, the formation of pores on CPS 

could also increase the number of available adsorption sites compared to PS. For these 

reasons, it is suggested that the carbonization treatment improves the adsorption 

performance of the adsorbent prepared from P. sachalinense. 

 

3.2. Influence of carbonization conditions on amount adsorbed of Pb 

 

   In the preparation of biosorbents, it is important to determine the optimal 

carbonization conditions. Fig. 2 shows the pH dependence of the amount adsorbed of Pb 

onto CPS carbonized under various conditions. The initial concentration of Pb was set 

to 0.20 mmol/L. Firstly, the amount adsorbed of Pb onto CPS activated with ZnCl2 was 

much lower than that of other carbonization conditions. Figs. 3a and 3b show the FT-IR 

spectra of CPS activated with ZnCl2 and CPS, respectively. Sharp peaks at 1625 cm
-1
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and 3370 cm
-1

 were observed in CPS, whereas these peaks completely disappeared in 

CPS activated with ZnCl2. These results indicate that the number of carboxyl and 

phenolic groups in CPS decreased after the activation treatment [41, 47]. Abe [60] 

reported that ZnCl2 dehydrates the side chains of lignin (mainly phenolic groups), and it 

has the effect of promoting polycyclic aromatization of lignin above 200°C to form a 

porous carbon structure. Yagmur et al. [68] also reported that the activation process 

using ZnCl2 decreases the number of hydroxy groups in lignin on the results of FT-IR 

analysis. For these reasons, it was found that the number of phenolic and carboxyl 

groups of CPS decreases because of this activation treatment, and the amount adsorbed 

of Pb decreases. Secondly, the amount adsorbed of Pb onto CPS carbonized at 350°C 

for 1 hour, 350°C for 3 hours, and 500°C for 1 hour, were all similar. The weight loss 

before and after carbonization was 76% for the CPS carbonized at 350°C for 1 hour, 

while it was about 94% for the CPS carbonized at 500°C for 1 hour. Therefore, 350°C 

for 1 hour was selected for carbonization of CPS, and unless otherwise noted, it was 

used in further adsorption experiments. 

 

3.3. pH dependence of amount adsorbed of Pb and Cd onto CPS 
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   The pH dependences of the amount adsorbed of Pb and Cd onto CPS are shown in 

Figs. 4a and 5a. The initial concentrations of Pb and Cd were set to 0.20 mmol/L. The 

amount adsorbed of Pb increased abruptly from pH 4 to 5. On the other hand, the 

amount adsorbed of Cd increased gradually from pH 5 to 7 and increased abruptly over 

pH 7. These results suggest that the adsorption of Pb and Cd onto CPS is considered to 

involve at least two types of adsorption sites, which dissociate at different pH. Hereafter, 

these adsorption sites will be referred to as the site A and the site B. 

   The estimation of the pH dependence of the amount adsorbed of metal ions is 

important for the optimal operation of the adsorption and desorption process. Thus, we 

propose an adsorption model as a function of pH. Considering that the adsorption of the 

divalent metal ion is a monodentate binding to the acidic functional groups, the 

adsorption reactions are as follows, 

 

-SAH + M
2+ ⇄ -SAM

+ 
+ H

+   ； KA           (2) 

 

-SBH + M
2+ ⇄ -SBM

+ 
+ H

+   ； KB           (3) 

 

where, -SA and -SB represent the two adsorption sites, site A and site B of CPS. M
2+
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represents the divalent metal ion, and KA and KB represent the adsorption equilibrium 

constants of the adsorption reactions. From Eqs. (2) and (3), the amount adsorbed of the 

metal ion onto CPS at equilibrium can be derived as follows,  

 

   
hmeB

meB
B

hmeA

meA
Acal-e

CCK

CK
Q

CCK

CK
Qq





          (4) 

 

where QA and QB (mol/g) represent the maximum adsorption capacity of site A and site 

B, respectively. Ch (mol/L) represents the concentration of hydrogen ion at equilibrium. 

By fitting of the data to Eq. (4) using a least-squares method, the values of KA, KB, QA, 

and QB can be determined. In the right side of Eq. (4), the first and the second terms 

correspond to the amount adsorbed onto site A (qAe) and site B (qBe), respectively. 

   The solid lines in Figs. 4a and 5a represent the values of qe-cal for CPS calculated 

from Eq. (4). Since both Pb and Cd exist in the same form (divalent metal ion) in the 

liquid phase, the values of QA and QB should be the same for Pb and Cd. Thus, in this 

calculation, the same values of QA and QB were used for Pb and Cd. The correlation 

coefficients were 0.93 for Pb and 0.97 for Cd. The evaluated adsorption parameters of 

CPS are summarized in Table 2. The maximum adsorption capacity of CPS (QT = QA + 

QB) was 1.22 mmol/g. By comparison with characteristics of other biosorbents reported 
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in the literature (Table 3), it is recognized that CPS possess considerable large 

adsorption capacity for Pb and Cd, suggesting that CPS would be a very potential 

adsorbent for Pb and Cd removal. The values of QA and QB were 0.26 mmol/g and 0.96 

mmol/g, respectively. The dotted lines in Figs. 4 and 5 represent the amount adsorbed of 

Pb and Cd on site A. Compared with the results summarized in Tables 1 and 2, the value 

of QA is almost the same as the number of carboxyl groups on CPS. In general, the 

carboxyl groups on biosorbents dissociate in the weak acidic region. Seki et al. [34] 

reported that the acid dissociation constant (pKa) of the carboxyl groups in seaweeds is 

around 3, based on the results of potentiometric titration. Huizenga [69] also reported 

that the pKa of the carboxyl groups of humic compounds is in the range of 3-4. Judging 

from the results in Figs. 4a and 5a, the site A is a functional group that dissociates 

around pH 3-5. Thus, the site A could be regarded as a carboxyl group. In this study, we 

assume that the adsorption sites for divalent metal ions are acidic groups. From the 

results summarized in Table 1, site B could be regarded as a phenolic group. These 

discussions can also be explained by the results of FT-IR analysis. Figs. 3c and 3d show 

the infrared spectra of CPS after the Pb and Cd adsorption experiments. The peak of the 

hydroxyl group shifted from 3370 cm
-1

 to 3424 cm
-1

 and 3438 cm
-1 

before and after 

adsorption. Moreover, the peak of the carboxyl group shifted slightly from 1625 cm
-1

 to 
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1614 cm
-1

. These results indicate that phenolic and carboxyl groups are mainly 

attributed to the Pb and Cd adsorption onto CPS. This result agrees with the reports that 

hydroxyl or phenolic groups can be the adsorption site for divalent metal ions [41, 44, 

47,54]. 

   Furthermore, the adsorption equilibrium constants for Pb and Cd of the site A (KA-Pb, 

KA-Cd) were 58.9 and 0.48, and those for site B (KB-Pb, KB-Cd) were 0.26 and 2.18×10
-4

, 

respectively. The values of KA-Pb and KB-Pb are about 100-1000 times larger than KA-Cd 

and KB-Cd. These results suggest that Pb is more selective than Cd for the adsorption 

sites on CPS. Moreover, the values of KA are about 200-2000 times higher than KB for 

the Pb and Cd adsorption. This result indicates that the site A binds Pb and Cd more 

strongly than the site B. 

   We verified whether the estimated adsorption equilibrium constants and the 

maximum adsorption capacity were appropriate for the different initial metal 

concentrations. Fig. 6 shows the comparison between the experimental values and the 

calculated values of the amount adsorbed of Pb and Cd. The initial concentrations of Pb 

and Cd were 0.10 and 0.30 mmol/L. The dotted lines in Fig. 6 indicate an error of 15 %. 

The calculated values mostly agreed with the experimental values.  

   In addition, we considered that the adsorption equilibrium constants should be the 
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same even if the size of the adsorbent and the carbonization conditions are different. 

Thus, we estimated the values of Q of the PS-based adsorbent prepared under the 

different sizes of CPS (Figs. 4b and 5b) and carbonization conditions (Fig. 2) using the 

K values presented in Table 2. The values of Q were estimated by a least-squares 

method using Eq. (4). The solid lines in Figs. 4b and 5b represent the calculated values 

of the amount adsorbed of Pb and Cd in the case of CPS larger than 0.177 mm in size 

(CPS-L). The solid lines in Fig. 2 represent the calculated values of the amount 

adsorbed of Pb in the case of CPS prepared under different carbonization conditions. 

The experimental and the calculated values of the amount adsorbed of Pb and Cd onto 

CPSs mostly agreed well. The correlation coefficients ranged from 0.98 to 0.99. These 

results indicate that the estimated adsorption parameters and the proposed adsorption 

model are valid. Table 4 shows the comparison of the maximum adsorption capacity of 

CPS for Pb, and in some cases Cd. CPS carbonized at 350ºC for 1 hour has the highest 

maximum adsorption capacity. The value of QA (carboxyl groups) increased, and the 

value of QB (phenolic groups) decreased as the carbonization temperature and time 

increased. These results could be caused by the decomposition of lignin and further 

oxidation of CPS caused by high temperature [66]. Also, the value of QT for CPS-L was 

lower than that of CPS. From the result, it is considered that Pb and Cd ions could not 
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diffuse into the interior of CPS-L, and the acidic groups inside CPS-L could not be 

contributed to the adsorption reaction.  

 

3.4. Kinetics of the Pb and Cd adsorption onto CPS 

 

   Fig. 7 shows the typical results of the time course of the Pb and Cd adsorption for 

CPS at 25 ºC. The initial concentrations of Pb and Cd were set to 0.20 mmol/L, and the 

pH conditions were at pH 4.6 for Pb and pH 5.6 for Cd. The adsorption kinetics of the 

divalent metal ion onto biosorbents has been often reported to follow the pseudo-second 

order kinetic model [18,44,51,70]. From the results in section 3.3, we considered that 

there are at least two types of adsorption sites on CPS. Therefore, we applied the 

pseudo-second order kinetic model considering two types of adsorption sites as follows, 

 

   
2

AAeA
A )( qqk

dt

dq
             (5) 

 

   
2

BBeB
B )( qqk

dt

dq
             (6) 

 

by solving Eqs. (5) and (6) with the initial conditions (q = 0 at t = 0), the following 
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equations are obtained, 

 

   
tqk

tqk
qq

AeA

AeA
AeA

1
             (7) 

 

   
tqk

tqk
qq

BeB

BeB
BeB

1
             (8) 

 

where, qA and qB (mol/g) represent the amount adsorbed of the metal ion to the 

adsorption site A and site B at time t, respectively. k (g/mol·s) represents the 

pseudo-second order rate constant, qAe and qBe (mol/g) represent the amount adsorbed of 

the metal ion at the equilibrium state. The total amount adsorbed of the metal ion (q) 

can be defined by Eq. (9),  

 

   q = qA + qB             (9) 

 

the values of kA, kB, qAe, and qBe were determined by fitting the experimental data to Eq. 

(9) using a least-squares method. The solid and dotted lines in Fig. 7 represent the 

amount adsorbed of Pb and Cd calculated from Eq. (9). The correlation coefficients 

were 0.99, indicating that the kinetics of Pb and Cd adsorption onto CPS follows well 
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the pseudo-second order kinetic model. The amount adsorbed of Pb at pH 4.6 reached 

an equilibrium state within 12 hours. On the other hand, the amount adsorbed of Cd at 

pH 5.6 reached an equilibrium state within 2 hours. The evaluated kA and kB values for 

Pb and Cd are summarized in Table 5. The values of kA are about 1000 times higher 

than kB. Judging from these results, the adsorption of Pb and Cd to site B is considered 

as a rate-limiting step of the Pb and Cd adsorption onto CPS.  
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4. Conclusions 

 

   In this study, adsorption of Pb and Cd ions onto Polygonum sachalinense was 

investigated using the carbonized or uncarbonized P. sachalinense (CPS and PS) as 

adsorbents. The adsorption behaviors of Pb and Cd onto CPS were also investigated by 

applying the proposed adsorption model based on the binding between two types of 

adsorption sites and Pb/Cd. Consequently, the followings were clarified. 

(1) The adsorption behaviors of Pb and Cd onto CPS were explained well by the 

proposed adsorption model. 

(2) Two types of adsorption site suggested by the proposed model were considered as 

carboxylic and phenolic groups, which was supported by Boehm titration and FT-IR 

analysis. 

(3) The maximum adsorption capacity of CPS was 1.22 mmol/g, which was much 

higher than that of biosorbents reported in literature. 

(4) The adsorption equilibrium constants of Pb and Cd for the carboxyl group (KA-Pb, 

KA-Cd) were 58.9 and 0.48, and those for the phenolic group (KB-Pb, KB-Cd) were 0.26 and 

2.18×10
-4

, respectively. The values of KA-Pb and KB-Pb were about 100-1000 times higher 

than KA-Cd and KB-Cd. This result suggested that Pb was adsorbed much selectively than 
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Cd for each adsorption site of CPS. Moreover, the values of KA were about 200-2000 

times higher than KB in the Pb and Cd adsorption. This result indicated that the carboxyl 

group binds divalent metal ions more strongly than the phenolic group. 

   Based on above described, the carbonized CPS is a very potential adsorbent for the 

removal of toxic heavy metals from aqueous environment, especially in terms of 

adsorption capacity. In addition, it is suggested that CPS can be used for the 

fractionation of Pb and Cd. The vegetation of P. sachalinense seems to indicate that 

CPS can be widely prepared and used globally. In a further study, the adsorption 

performance will be improved. 

  



 

24 

 

References 

 

[1] A. Viarengo, M.N. Moore, G. Mancinelli, A. Mazzucotelli, R.K. Pipe, S.V. Farrar, 

Metallothioneins and lysosomes in metal toxicity and accumulation in marine mussels: 

the effect of cadmium in the presence and absence of phenanthrene, Mar. Biol. 94 

(1987) 251–257. https://doi.org/10.1007/BF00392937 

[2] WHO, Exposure to Cadmium: a Major Public Health Concern. Preventing Disease 

Through Healthy Environments. http://www.who.int/ipcs/features/cadmium.pdf, 

(2010) 

[3] WHO, Lead in Drinking-water: Background document for development of WHO 

Guidelines for Drinking-water Quality. 

https://www.who.int/water_sanitation_health/dwq/chemicals/lead.pdf, (2011) 

[4] N. Abdullah, N. Yusof, W.J. Laua, J. Jaafar, A.F. Ismail, Recent trends of heavy 

metal removal from water/wastewater by membrane technologies, J. Ind. Eng. Chem. 

76 (2019) 17-38. https://doi.org/10.1016/j.jiec.2019.03.029 

[5] B. Wu, X. Weng, N. Wang, M. Yin, L. Zhang, Q. An, Chlorine-resistant positively 

charged polyamide nanofiltration membranes for heavy metal ions removal, Sep. 

Purif. Technol. 275 (2021) 119264. https://doi.org/10.1016/j.seppur.2021.119264 



 

25 

 

[6] M. Safdar, S. Mustafa, A. Naeem, T. Mahmood, M. Waseem, S. Tasleem, T. Ahmad, 

M.T. Siddique, Effect of sorption on Co (II), Cu (II), Ni (II) and Zn(II) ions 

precipitation, Desalination. 266 (2011) 171-174. 

https://doi.org/10.1016/j.desal.2010.08.021 

[7] M.S. Oncel, A. Muhcu, E. Demirbas, M. Kobya, A comparative study of chemical 

precipitation and electrocoagulation for treatment of coal acid drainage wastewater, J. 

Environ. Chem. Eng. 1 (2013) 989-995. https://doi.org/10.1016/j.jece.2013.08.008 

[8] Q. Chen, Y. Yao, X. Li, J. Lu, J. Zhou, Z. Huang, Comparison of heavy metal 

removals from aqueous solutions by chemical precipitation and characteristics of 

precipitates, J. Water Process. Eng. 26 (2018) 289-300. 

https://doi.org/10.1016/j.jwpe.2018.11.003 

[9] H.A. Elbadawy, A.H. Abdel-Salam, T.E. Khalil, The impact of an Amberlite 

XAD-16-based chelating resin for the removal of aqueous Cd(II) and Pb(II)ions, 165 

(2021) 106097. https://doi.org/10.1016/j.microc.2021.106097 

[10] A.F. Shaaban, D.A. Fadel, A.A. Mahmoud, M.A. Elkomy, S.M. Elbahy, Synthesis 

of a new chelating resin bearing amidoxime group for adsorption of Cu(II), Ni(II) 

and Pb(II) by batch and fixed-bed column methods, J. Environ. Chem. Eng. 2 (2014) 

632-641. https://doi.org/10.1016/j.jece.2013.11.001 



 

26 

 

[11] Y. Gossuin, A.L. Hantson, Q.L. Vuong, Low resolution benchtop nuclear magnetic 

resonance for the follow-up of the removal of Cu
2+

 and Cr
3+

 from water by amberlite 

IR120 ion exchange resin, J. Water Process. Eng. 33 (2020) 101024. 

https://doi.org/10.1016/j.jwpe.2019.101024 

[12] A.D. Delil, N. Koleli, Investigation of a combined continuous flow system for the 

removal of Pb and Cd from heavily contaminated soil, 229 (2019) 181-187. 

https://doi.org/10.1016/j.chemosphere.2019.04.201 

[13] R. Choumane, S. Peulon, Development of an efficient electrochemical process for 

removing and separating soluble Pb(II) in aqueous solutions in presence of other 

heavy metals: Studies of key parameters, Chem. Eng. J. 423 (2021) 130161. 

https://doi.org/10.1016/j.cej.2021.130161 

[14] V. Ya, N. Martin, Y. Chou, Y. Chen, K. Choo, S. Chen, C. Li, Electrochemical 

treatment for simultaneous removal of heavy metals and organics from surface 

finishing wastewater using sacrificial iron anode, J. Taiwan. Inst. Chem. Eng. 83 

(2018) 107-114. https://doi.org/10.1016/j.jtice.2017.12.004 

[15] M.K. Jha, V. Kumar, J. Jeong, J. Lee, Review on solvent extraction of cadmium 

from various solutions, Hydrometallurgy. 111 (2012) 1-9. 

https://doi.org/10.1016/j.hydromet.2011.09.001 



 

27 

 

[16] K.K. Thasneema, T. Dipin, M.S. Thayyil, P.K. Sahu, M. Messali, T. Rosalin, 

K.K. Elyas, P.M. Saharuba, T. Anjitha, T.B. Hadda, Removal of toxic heavy metals, 

phenolic compounds and textile dyes from industrial waste water using phosphonium 

based ionic liquids, J. Mol. Liq. 323 (2021) 114645. 

https://doi.org/10.1016/j.molliq.2020.114645 

[17] S.D. Faust, O.M. Aly, Adsorption Processes for Water Treatment, 

Butterworth-Heinemanns, Stoneham, 1987. https://doi.org/10.1016/C2013-0-04267-3 

[18] E. Asuquo, A. Martin, P. Nzerem, F. Siperstein, X. Fan, Adsorption of Cd(II) and 

Pb(II) ions from aqueous solutions using mesoporous activated carbon adsorbent: 

Equilibrium, kinetics and characterisation studies, J. Environ. Chem. Eng. 5 (2017) 

679-698. https://doi.org/10.1016/j.jece.2016.12.043 

[19] V.I.A. Aguayo, P.A. Bonilla, V.R. Muñiz, Preparation of activated carbons from 

pecan nutshell and their application in the antagonistic adsorption of heavy metal ions, 

J. Mol. Liq. 230 (2017) 686-695. https://doi.org/10.1016/j.molliq.2017.01.039 

[20] Y. Bian, Z. Bian, J. Zhang, A. Ding, S. Liu, L. Zheng, H. Wang, Adsorption of 

cadmium ions from aqueous solutions by activated carbon with oxygen-containing 

functional groups, Chin. J. Chem. Eng. 23 (2015) 1705. 

https://doi.org/10.1016/j.cjche.2015.08.031 



 

28 

 

[21] M. Hong, L. Yu, Y. Wang, J. Zhang, Z. Chen, L. Dong, Q. Zan, R. Li, Heavy metal 

adsorption with zeolites: The role of hierarchical pore architecture, Chem. Eng. J. 

359 (2019)363-372. https://doi.org/10.1016/j.cej.2018.11.087 

[22] E. Zanin, J. Scapinello, M. Oliveira, C.L. Rambo, F. Franscescon, L. Freitas, J.M.M. 

Mello, M.A. Fiori, J.V. Oliveira, J.D. Magro, Adsorption of heavy metals from 

wastewater graphic industry using clinoptilolite zeolite as adsorbent, Process. Saf. 

Prog. 105 (2017) 194-200. https://doi.org/10.1016/j.psep.2016.11.008 

[23] M. Kasai, Y. Kobayashi, M. Togo, A. Nakahira, Synthesis of 

zeolite-surface-modified perlite and their heavy metal adsorption capability, Mater. 

Today: Proceedings. 16 (2019) 232-238. 

https://doi.org/10.1016/j.matpr.2019.05.247 

[24] W. Tanan, S. Panpinit, S. Saengsuwan, Comparison of microwave-assisted and 

thermal-heated synthesis of P (HEMA-co-AM)/PVA interpenetrating polymer 

network (IPN) hydrogels for Pb(II) removal from aqueous solution: Characterization, 

adsorption and kinetic study, Eur. Polym. J. 143 (2021) 110193. 

https://doi.org/10.1016/j.eurpolymj.2020.110193 

[25] F.O. Gokmen, E. Yaman, S. Temel, Eco-friendly polyacrylic acid based porous 

hydrogelfor heavy metal ions adsorption: characterization, adsorption behavior, 



 

29 

 

thermodynamic and reusability studies, Microchem. J. 168 (2021) 106357. 

https://doi.org/10.1016/j.microc.2021.106357 

[26] S. Singh, V. Kumar, S. Datta, D.S. Dhanjal, K. Sharma, J. Samuel, J. Singh, 

Current advancement and future prospect of biosorbents for bioremediation, Sci. 

Total Environ. 709 (2020) 135895. https://doi.org/10.1016/j.scitotenv.2019.135895 

[27] H. Seki, A. Suzuki, S. Mitsueda, Biosorption of Heavy Metal Ions on Rhodobacter 

sphaeroides and Alcaligenes eutrophus H16, J. Colloid Interface Sci. 197 (1998) 

185-190. https://doi.org/10.1006/jcis.1997.5284 

[28] S. Tunali, T. Akar, A.S. Ozcan, I. Kiran, A. Ozcan, Equilibrium and kinetics of 

biosorption of lead(II) from aqueous solutions by Cephalosporium aphidicola, Sep. 

Purif. Technol. 47 (2006) 105-112. https://doi.org/10.1016/j.seppur.2005.06.009 

[29] H. Seki, A. Suzuki, H. Maruyama, Biosorption of chromium (VI) and arsenic (V) 

onto methylated yeast biomass, J. Colloid Interface Sci. 281 (2005) 261-266. 

https://doi.org/10.1016/j.jcis.2004.08.167 

[30] A.L. Debbaudt, M.L. Ferreira, M.E. Gschaider, Theoretical and experimental study of 

M
2+

 adsorption on biopolymers. III. Comparative kinetic pattern of Pb, Hg and Cd, 

Carbohydr. Polym. 56 (2004) 321-332. 

https://doi.org/10.1016/j.carbpol.2004.02.009 



 

30 

 

[31] H. Seki, A. Suzuki, Y. Iburi, Biosorption of Heavy Metal Ions to A Marine Microalga, 

Heterosigma akashiwo (Hada) Hada, J. Colloid Interface Sci. 229 (2000) 196-198. 

https://doi.org/10.1006/jcis.2000.6998 

[32] S. Gu, C.Q. Lan, Biosorption of heavy metal ions by green alga Neochloris 

oleoabundans: Effects of metal ion properties and cell wall structure, J. Hazard. 

Mater. 418 (2021) 126336. https://doi.org/10.1016/j.jhazmat.2021.126336 

[33] X. Zhang, X. Zhao, C. Wan, B. Chen, F. Bai, Efficient biosorption of cadmium by 

the self-flocculating microalga Scenedesmus obliquus AS-6-1, Algal Res. 16 (2016) 

427-433. https://doi.org/10.1016/j.algal.2016.04.002 

[34] H. Seki, A. Suzuki, Biosorption of Heavy Metal Ions to Brown Algae, Macrocystis 

pyrifera, Kjellmaniella crassiforia, and Undaria pinnatifida, J. Colloid Interface 

Sci. 206 (1998) 297-301. https://doi.org/10.1006/jcis.1998.5731 

[35] H. Seki, A. Suzuki, Kinetic Study of Metal Biosorption to a Brown Alga, 

Kjellmaniella Crassiforia, J. Colloid Interface Sci. 246 (2002) 259-262. 

https://doi.org/10.1006/jcis.2001.8090 

[36] V.B.H. Dang, H.D. Doan, T. Dang-Vu, A. Lohi, Equilibrium and kinetics of 

biosorption of cadmium(II) and copper(II) ions by wheat straw, 100 (2009) 211-219. 

https://doi.org/10.1016/j.biortech.2008.05.031 



 

31 

 

[37] H. Muhammad, H., T. Wei, G. Cao, S.H. Yu, X.H. Ren, H.L. Jia, A. Saleem, L. Hua, 

J.K. Guo, Y. Li, Study of soil microorganisms modified wheat straw and biochar for 

reducing cadmium leaching potential and bioavailability, Chemosphere. 273 (2021) 

129644. https://doi.org/10.1016/j.chemosphere.2021.129644 

[38] U. Farooq, J.A. Kozinski, M.A. Khan, M. Athar, Biosorption of heavy metal ions 

using wheat based biosorbents - A review of the recent literature. Bioresour, Technol. 

101 (2010) 5043. https://doi.org/10.1016/j.biortech.2010.02.030 

[39] A.E. Ofomaja, E.B. Naidoo, Biosorption of lead(II) onto pine cone powder: Studies 

on biosorption performance and process design to minimize biosorbent mass, 82 

(2010) 1013-1042. https://doi.org/10.1016/j.carbpol.2010.05.024 

[40] M.A. Martín-Lara, G. Blázquez, M. Calero, A.I. Almendros, A. Ronda, Binary 

biosorption of copper and lead onto pine cone shell in batch reactors and in fixed bed 

columns, Int. J. Miner. Metall. Mater. 148 (2016) 72-82. 

https://doi.org/10.1016/j.minpro.2016.01.017 

[41] N. Feng, X. Guo, S. Liang, Kinetic and thermodynamic studies on biosorption of 

Cu(II) by chemically modified orange peel, Trans. Nonferrous Met. Soc. China. 19 

(2009) 1365-1370. https://doi.org/10.1016/S1003-6326(08)60451-3 

[42] M. Villen-Guzman, D. Gutierrez-Pinilla, C. Gomez-Lahoz, C. Vereda-Alonso, J.M. 



 

32 

 

Rodriguez-Maroto, B. Arhoun, Optimization of Ni (II) biosorption from aqueous 

solution on modified lemon peel, Environ. Res. 179 (2019) 108849. 

https://doi.org/10.1016/j.envres.2019.108849 

[43] L.A. Romero-Cano, H. García-Rosero, L.V. Gonzalez-Gutierrez, L.A. 

Baldenegro-Perez, F. Carrasco-Marín, Functionalized adsorbents prepared from 

fruit peels: Equilibrium, kinetic and thermodynamic studies for copper adsorption 

in aqueous solution, J. Clean. Prod. 162 (2017) 195-204. 

https://doi.org/10.1016/j.jclepro.2017.06.032  

[44] M. Petrović, T. Šoštarić, M. Stojanović, J. Milojković, M. Mihajlović, M. Stanojević, 

S. Stanković, Removal of Pb
2+

 ions by raw corn silk (Zea mays L.) as a novel 

biosorbent, J. Taiwan. Inst. Chem. Eng. 58 (2016) 407-416. 

https://doi.org/10.1016/j.jtice.2015.06.025 

[45] I. Abdelfattah, F.E. Sayed, A. Almedolab, Removal of Heavy Metals from 

Wastewater Using Corn Cob, Res. J. Pharm. Biol. Chem. Sci. 7 (2016) 239-248. 

https://www.rjpbcs.com/pdf/2016_7(2)/[31].pdf 

[46] S. Vafakhah, M.E. Bahrololoom, R. Bazarganlari, M. Saeedikhani, Removal of copper 

ions from electroplating effluent solutions with native corn cob and corn stalk and 

chemically modified corn stalk, J. Environ. Chem. Eng. 2 (2014) 356-361. 



 

33 

 

https://doi.org/10.1016/j.jece.2014.01.005 

[47] B.A. Ezeonuegbu, D.A. Machido, C.M.Z. Whong, W.S. Japhet, A. Alexiou, S.T. 

Elazab, N. Qusty, C.A. Yaro, G.E.S. Batiha, Agricultural waste of sugarcane 

bagasse as efficient adsorbent for lead and nickel removal from untreated 

wastewater: Biosorption, equilibrium isotherms, kinetics and desorption studies, 

Biotechnol. Rep. 30 (2021) e00614. https://doi.org/10.1016/j.btre.2021.e00614 

[48] C. Harripersadth, P. Musonge, Y.M. Isa, M.G. Morales, A. Sayago, The application 

of eggshells and sugarcane bagasse as potential biomaterials in the removal of 

heavy metals from aqueous solutions, S. Afr. J. Chem. Eng. 34 (2020) 142-150. 

https://doi.org/10.1016/j.sajce.2020.08.002 

[49] M. Calero, A. Pérez, G. Blázquez, A. Ronda, L.M.A. Martín, Characterization of 

chemically modified biosorbents from olive tree pruning for the biosorption of lead. 

Ecol. Eng. 58 (2013) 344-354. https://doi.org/10.1016/j.ecoleng.2013.07.012 

[50] F. Pagnanelli, S. Mainelli, F. Vegliò, L. Toro, Heavy metal removal by olive 

pomace: biosorbent characterisation and equilibrium modelling, Chem. Eng. Sci. 58 

(2003) 4709-4717.https://doi.org/10.1016/j.ces.2003.08.001 

[51] Q. Li, J. Zhai, W. Zhang, M. Wang, J. Zhou, Kinetic studies of adsorption of Pb(II), 

Cr(III) and Cu(II) from aqueous solution by sawdust and modified peanut husk, J. 



 

34 

 

Hazard. Mater. 141 (2007) 163-167. https://doi.org/10.1016/j.jhazmat.2006.06.109  

[52] A.A. Aryee, F.M. Mpatani, A.N. Kani, E. Dovi, R. Han, Z. Li, L. Qu, A review on 

functionalized adsorbents based on peanut husk for the sequestration of pollutants 

in wastewater: Modification methods and adsorption study, J. Clean. Prod. 310 

(2021) 127502. https://doi.org/10.1016/j.jclepro.2021.127502 

[53] N. Barka, M. Abdennouri, A. Boussaoud, M.E.L. Makhfouk, Biosorption 

characteristics of Cadmium(II) onto Scolymus hispanicus L. as low-cost natural 

biosorbent, Desalination. 258 (2010) 66-71. 

https://doi.org/10.1016/j.desal.2010.03.046 

[54] J. Zhang, F. Bi, Q. Wang, W. Wang, B. Liu, S. Lutts, W. Wei, Y. Zhao, G. Wang, R. 

Han, Characteristics and influencing factors of cadmium biosorption by the stem 

powder of the invasive plant species Solidago canadensis, Ecol. Eng. 121 (2018) 

12-18. https://doi.org/10.1016/j.ecoleng.2017.10.001 

[55] M.A. Kamyabi, D. Kazemi, R. Bikas, F. Soleymani-Bonoti, Investigation of the 

Hg(II) biosorption from wastewater by using garlic plant and differential pulse 

voltammetry, Anal. Biochem. 627 (2021) 114263. 

https://doi.org/10.1016/j.ab.2021.114263 

[56] A.S. Özcan, S. Tunali, T. Akar, A. Özcan, Biosorption of lead(II) ions onto waste 



 

35 

 

biomass of Phaseolus vulgaris L.: estimation of the equilibrium, kinetic and 

thermodynamic parameters, Desalination. 244 (2009) 188-198. 

https://doi.org/10.1016/j.desal.2008.05.023 

[57] V.H. Širka, D. Lakušić, J. Šinžar-Sekulić, T. Nikolić, S. Jovanović, Reynoutria 

sachalinensis: a new invasive species to the flora of Serbia and its distribution in 

SE Europe, Botanica SERBICA. 37 (2013) 105-112. 

https://botanicaserbica.bio.bg.ac.rs/arhiva/pdf/2013_37_2_583_full.pdf 

[58] S. Jovanović, V. Hlavati-Širka, D. Lakušić, N. Jogan, T. Nikolićc, P. Anastasiu, V. 

Vladimirov, J. Šinžar-Sekulić, Reynoutria niche modelling and protected area 

prioritization for restoration and protection from invasion: A Southeastern Europe 

case study, J. Nat. Conserv. 41 (2018) 1-15. 

https://doi.org/10.1016/j.jnc.2017.10.011 

[59] L.S. Urgenson, S.H. Reichard, C.B. Halpern, Community and ecosystem 

consequences of giant knotweed (Polygonum sachalinense) invasion into riparian 

forests of western Washington, USA, Biol. Conserv. 142 (2009) 1536-1541. 

https://doi.org/10.1016/j.biocon.2009.02.023 

[60] I. Abe, Production methods of activated carbon, TANSO. 225 (2006) 373-381. 

https://doi.org/10.7209/tanso.2006.373 



 

36 

 

[61] S.L. Goertzen, K.D. Theriault, A.M. Oickle, A.C. Tarasuk, H.A. Andreas, 

Standardization of the Boehm titration. Part I. CO2 expulsion and endpoint 

determination, CARBON. 48 (2010) 1252-1261. 

https://doi.org/10.1016/j.carbon.2009.11.050 

[62] N. Saha, A. Saba, M.T. Reza, Effect of hydrothermal carbonization temperature on 

pH, dissociation constants, and acidic functional groups on hydrochar from 

cellulose and wood, J. Anal. Appl. Pyrolysis. 137 (2019) 138-145. 

https://doi.org/10.1016/j.jaap.2018.11.018 

[63] Y. Kato, M. Machida, Q. Qian, H. Tatsumoto, Influence of surface functional groups 

and solution pH on removal of organic compounds and a heavy metal by activated 

carbon, TANSO. 223 (2006) 215-219. https://doi.org/10.7209/tanso.2006.215 

[64] P. Fan, A.E. Hay, A. Marston, H. Lou, K. Hostettmann, Chemical variability of the 

invasive neophytes Polygonum cuspidatum Sieb. and Zucc. and Polygonum 

sachalinensis F. Schmidt ex Maxim, Biochem. Syst. Ecol. 37 (2009) 24-34. 

https://doi.org/10.1016/j.bse.2008.11.018 

[65] P. Fan, L. Terrier, A.E. Hay, A. Marston, H. Lou, K. Hostettmann, Antioxidant and 

enzyme inhibition activities and chemical profiles of Polygonum sachalinensis F. 

Schmidt ex Maxim (Polygonaceae), Fitoterapia. 81 (2010) 124-131. 



 

37 

 

https://doi.org/10.1016/j.fitote.2009.08.019 

[66] R. Bardestani, C. Roy, S. Kaliaguine, The effect of biochar mild air oxidation on 

the optimization of lead(II) adsorption from wastewater, J. Environ. Manage. 240 

(2019) 404-420.https://doi.org/10.1016/j.jenvman.2019.03.110 

[67] A.R.A. Rahim, H.M. Mohsin, M. Thanabalan, N.E. Rabat, N. Saman, H. Mat, K. 

Johari, Effective carbonaceous desiccated coconut waste adsorbent for application 

of heavy metal uptakes by adsorption: Equilibrium, kinetic and thermodynamics 

analysis, Biomass Bioenergy. 142 (2020) 105805. 

https://doi.org/10.1016/j.biombioe.2020.105805 

[68] E. Yagmur, Y. Gokce, S. Tekin, N.I. Semerci, Z. Aktas, Characteristics and comparison 

of activated carbons prepared from oleaster (Elaeagnus angustifolia L.) fruit using 

KOH and ZnCl2, Fuel, 267 (2020) 117232. https://doi.org/10.1016/j.fuel.2020.117232 

[69] D.L. Huizenga, Protonation Characteristic of Dissolved Organic Matter in Sea 

Water, Thesis, University of Rhode Island, Providence, R. I. (1977) 86. 

[70] R.K. Mohapatra, P.K. Parhi, S. Pandey, B.K. Bindhani, H. Thatoi, C.R. Panda, 

Active and passive biosorption of Pb(II) using live and dead biomass of marine 

bacterium Bacillus xiamenensis PbRPSD202: Kinetics and isotherm studies, J. 

Environ. Manage. 247 (2019) 121-134. 



 

38 

 

https://doi.org/10.1016/j.jenvman.2019.06.073 

[71] R. Taguchi, K. Kochi, H. Seki, H. Maruyama, Biosorption of Pb and Cd by Polygonum 

sachalinense, in: The Proceedings of the Akita Meeting of the Society of Chemical 

Engineering of Japan, (2021) p.A117. 

[72] J. Shao, Y. Yang, C. Shi, Preparation and Adsorption Properties for Metal Ions of 

Chitin Modified by L-Cysteine, J. appl. polym. 88 (2003) 2575-2579. 

https://doi.org/10.1002/app.12098 

[73] I. Vishan, B. Saha, S. Sivaprakasam, A. Kalamdhad, Evaluation of Cd(II) biosorption 

in aqueous solution by using lyophilized biomass of novel bacterial strain Bacillus 

badius AK: Biosorption kinetics, thermodynamics and mechanism, Environ. Technol. 

Innov.14 (2019) 100323. https://doi.org/10.1016/j.eti.2019.100323 



0 

0.5 

1.0 

1.5 

0 0.05 0.1 0.15 0.2 

CPS (carbonized at 350C for 1 h) 

PS    (without carbonization) 

Cme (mmol/L) 

q
e
 (

m
m

o
l/
g

) 

Fig. 1.   Adsorption isotherms of Pb onto CPS (open circle) and 

PS (open triangle) at 25 C. The initial concentration of Pb was 

set to 0.05-0.35 mmol/L, and the pH condition was at pH 5.1. 

The size of PS was less than 0.177 mm. 
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Fig. 2.   pH dependence of the amount adsorbed of Pb onto CPS under various 

carbonized conditions. The carbonized conditions were 350ºC for 1 hour (a), 350ºC 

for 3 hours (b), 500ºC for 1 hour (c), and activation with ZnCl2 at 500ºC for 1 hour 

(d). The initial concentration of Pb was set to 0.20 mmol/L. The solid lines represent 

the calculated value from Eq. (4). 
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Fig. 3.   FT-IR spectra of (a) CPS (ZnCl2 activation), (b) CPS (350C, 1 hour), (c) Pb 

loaded CPS, and (d) Cd loaded CPS, respectively.  
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Fig. 4.   The amount adsorbed of Pb onto CPS (a) and 

CPS-L (b) as a function of pH. CPSs were carbonized at 

350C for 1 h. The initial concentration of Pb was set to 

0.20 mmol/L. The solid lines represent the calculated 

values from Eq. (4).  The dotted lines represent the value 

of qAe. 
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Fig. 5.   The amount adsorbed of Cd onto CPS (a) and 

CPS-L (b) as a function of pH. CPSs were carbonized at 

350C for 1 h. The initial concentration of Cd was set to 

0.20 mmol/L. The solid lines represent the calculated 

values from Eq. (4).  The dotted lines represent the value 

of qAe. 
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Fig. 6.   Comparison of the experimental and the calculated values of the 

amount adsorbed of Pb (open symbols) and Cd (solid symbols) onto CPS. CPS 

carbonized at 350ºC for 1 hour was used. The initial concentrations of the 

metal ions were set to 0.10 mmol/L (circles) and 0.30 mmol/L (triangles). The 

dotted lines represent the error of 15 ％. 
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Fig. 7.   The time course of the amount adsorbed of Pb (open 

circles) and Cd (open triangles) onto CPS at 25 C. The initial 

concentrations of Pb and Cd were 0.20 mmol/L, and the pH 

conditions were at pH 4.6 and pH 5.6 for Pb and Cd, 

respectively. The solid and dotted line represent the calculated 

values from Eq. (9).  
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Table 1 

The number of acidic functional groups on PS and CPS. 

Functional groups (mmol/g) 

PS 

CPS 

Carboxyl Lactone Phenolic 

0.27 1.38 2.07 

0 1.25 1.03 

Adsorbent 



Table 2 

Adsorption parameters for CPS (carbonized at 350 ºC for 1 h) estimated by 

Eq. (4). 

Adsorption parameters 

QA (mmol/g) 

0.26 0.96 

KA-Pb (-)  

58.9 0.26 0.48 2.18×10-4 

QB (mmol/g) KA-Cd (-)  KB-Pb (-)  KB-Cd (-)  



Adsorbent 
Maximum Pb adsorption  

capacity (mg/g) 

CR-11 (chelate resin) 

Cys-chitin 

CPS 

381.8 

351.5 

252.2 

250.0 

90.0 

29.1 

20.3 

Reference 

[71] 

[72] 

This study 

[70] 

[51] 

[18] 

Table 3 

Comparison of the maximum Pb and Cd adsorption capacity with other reported biosorbents 

Maximum Cd adsorption  

capacity (mg/g) 

229.3 

214.6 

136.8 

131.6 

26.9 

14.6 

27.3 

[44] 

[73] 

[36] 

－ 

－ 

－ 

－ 

Marine bacterium 

Bacillus badius 

Corn silk 

Peanuts husk 

Activated carbon 

Wheat straw 



Table 4 

Comparison of the maximum adsorption capacity of CPS prepared by different 

carbonized conditions and sizes. 

Maximum adsorption capacity 

(mmol/g) 

QA 

350 ºC, 1 hour 0.26 

350 ºC, 1 hour 0.25 

350 ºC, 3 hours 0.39 

500 ºC, 1 hour 0.56 

ZnCl2 activation 0.12 

Size (mm) Adsorbate 

Pb, Cd ≦ 0.17 

0.17-0.25 

≦ 0.17 

≦ 0.17 

≦ 0.17 

Pb, Cd 

Pb 

Pb 

Pb 

Carbonization 

conditions 

QB 

0.96 

0.68 

0.74 

0.42 

0.27 

QT  

1.22 

0.93 

1.13 

0.98 

0.39 



Table 5 

Adsorption kinetic parameters of CPS for Pb (pH 4.6) and Cd (pH 5.6) estimated by Eq. (9). 

Adsorption kinetic parameters Adsorbate 

Pb 0.26 0.61 0.234 1.31×10-4 0.99 

0.25 0.09 0.180 1.21×10-4 Cd 0.99 

qAe (mmol/g) kA (g/mmol·s) r a (-) qBe (mmol/g) kB (g/mmol·s) 

a ; r represents the correlation coefficient 
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