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ABSTRACT 

 

 A fundamental study of the application of marine microalga to the aqueous-

phase separation of toxic heavy metals was carried out. The biosorption 

characteristics of cadmium and lead ions were determined with marine 

microalga, Heterosigma akashiwo (Hada) Hada which was inactivated by 

steam sterilization. A simple metal-binding model was used for the description 

of metal binding data. The results showed that the biosorption of bivalent 

metal ions to H. akashiwo was due to monodentate binding to two different 

types of acidic sites: carboxylic and phosphatic-type sites. 
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INTRODUCTION 

 

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

however, they become concentrated throughout the food chain to the extent of 

posing a serious health hazard to humans (1, 2). The metal recovery from 

dilute solutions by biosorption is an emerging field of interest, from both a 

resource conservation standpoint and an environmental remediation standpoint. 

Since the biosorption process employs inexhaustible, inexpensive, and 

nonhazardous materials, it may be suitable for the environmental remediation 

process which needs the low-cost adsorbents. Thus microorganisms (3, 4), 

algae (5, 6), and other types of biomass have been investigated for use in this 

application. 

   In the present study, the biosorption characteristics of cadmium and lead 

ions in acidic media were investigated with a marine microalga, Heterosigma 

akashiwo (Hada) Hada. H. akashiwo is a major constituent of red tides on the 

coast of Japan. Red tides emerge suddenly in the eutrophied sea area and cause 

serious damages to the coastal fishery. Looking at this from another angle, red 

tide planktons are regarded as an inexhaustible and attractive material for the 

biosorbent. In this paper, the acid-dissociation characteristics of the acidic sites 

on H. akashiwo were determined from the results of potentiometric titration. 
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Then the biosorption mechanism of lead and cadmium ions to H. akashiwo was 

discussed based on a simple metal-binding model (4). 
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MATERIALS AND METHODS 

 
Materials 

 Cadmium nitrate, lead nitrate and sodium nitrate were obtained from Wako 

Pure Chemical Industries (Japan). They were used as received. Heterosigma 

akashiwo (Hada) Hada was obtained from the laboratory of chemical 

oceanography, Hokkaido University, Japan. It was grown in a batch to the late-

exponential growth stage in seawater medium. The cells were harvested, 

inactivated in an autoclave at 120℃ for 15 min, and washed three times with 

distilled water. 

 
Potentiometric Titration of H. akashiwo 

 A suspension (0.3 dm3) containing a certain amount of inactivated H. 

akashiwo and NaNO3 (0.1 mol dm-3) was mechanically stirred at 30℃. To 

eliminate CO2, N2 gas was continuously bubbled through the system. After 

reaching thermal equilibrium, it was titrated with a volumetric standard 

solution of HNO3 or NaOH (0.1 mol dm-3). The pH of the suspension was 

measured by a pH meter (Orion Research 720A). The number of protonated 

acidic groups of H. akashiwo was determined from the difference between the 

bulk proton concentrations in the presence of H. akashiwo and those in the 

absence of H. akashiwo. 
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Biosorption Experiments 

 A solution of NaNO3 (0.1 mol dm-3) containing a certain amount of 

Cd(NO3)2 or Pb(NO3)2 was prepared. The pH of the solution was adjusted to a 

desired value by HNO3. After reaching thermal equilibrium at 30℃, a certain 

amount of inactivated H. akashiwo was added to the solution. The solution was 

stirred for a necessary time to attain the adsorption equilibrium, and then H. 

akashiwo was separated from the liquid phase in a centrifuge at 10,000 rpm for 

20 min. The pH and metal concentration of the liquid phase were measured. 

The metal concentration was determined by an atomic absorption spec-

trophotometer (Hitachi A-1800). The amount of metal ion adsorbed to H. 

akashiwo was determined from the difference between the metal 

concentrations in the initial and the equilibrium states. 
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RESULTS AND DISCUSSION 

 

Acidc Sites on/in H. akashiwo 

 Figure 1 shows the protonation characteristics of acidic sites of H. 

akashiwo obtained from potentiometric titration. The ordinate of the figure, XH, 

represents the equilibrium number of protons bound to 1 dry-g of H. akashiwo. 

The acid-base property of bacteria was attributed to three different types of 

acidic sites: carboxylic, phosphatic, and amino groups (4, 7). Assuming that 

the similar relation holds in the present microalga, the acid-dissociation 

reactions of H. akashiwo can be written as 

 

 -S1H  ↔ -S1
- + H+ ; K1      [1] 

 -S2H  ↔ -S2
- + H+ ; K2      [2] 

 -S3H+ ↔ -S3 + H+ ; K3.      [3] 

 

-S1, -S2, and –S3 represent the carboxylic, phosphatic, and amino-type sites of 

H. akashiwo, respectively. The acid-dissociation constant Ki is defined as 

 

Ki = αi[H
+
]/(1 - αi)  (i = 1, 2, or 3),    [4] 
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where αi is the degree of dissociation of type i acidic sites. The number of 

protons bound to 1 dry-g of H. akashiwo, XH, can be expressed as the sum of 

the number of protons bound to three types of acidic sites; 

 

XH = N1[H+]/(K1+[H+]) + N2[H+]/(K2+[H+]) + N3[H+]/(K3+[H+]) [5] 

 

where N1, N 2, and N 3 are the number of carboxylic, phosphatic, and amino 

groups on/in 1 dry-g of H. akashiwo, respectively. A nonlinear least-squares 

method was applied to find six constants, Ki and Ni, in Eq. [5]. The constants, 

which gave the best fit with the experimental data (in Fig.1), are listed in Table 

1. The solid line in Fig.1 represents the theoretical curve calculated from Eq. 

[5] using the constants listed in Table 1. The correlation coefficient between 

the experimental and the predicted value was 1.00. 

 

Biosorption of Cadmium and Lead Ions to H. akashiwo 

 Plette et al. (3) investigated the binding of bivalent metal ions to the 

isolated cell walls of Rhodococcus erythropolis A177. They proposed a 

multicomponent competitive binding model based on the NICA (non-ideal 

competitive adsorption) model. The model gave good results for the 

description of metal ion binding data. The results showed that the biosorption 
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of bivalent metal ions to the cell wall materials was due to monodentate 

binding to two different types of acidic sites: carboxylic-type sites (type 1) and 

phosphatic-type sites (type 2). 

 We applied a simplified version of the metal binding model proposed by 

Plette et al. to the biosorption of cadmium and lead ions to two bacteria; 

Alcaligenes eutrophus H16 and Rhodobacter sphaeroides. The result showed 

that the simplified model successfully explained the biosorption of bivalent 

metal ions to whole cell bodies of bacteria (4). 

 Assuming that the similar relation holds in the present microalga, the 

metal-binding reactions of the type 1 and type 2 sites on/in H. akashiwo can be 

written as 

 

  -Si
-
 + M

2+
 ↔ -SiM

+
  ;KMi   (i = 1 or 2).   [6] 

 

 Plette et al. selected the NICA model, that can account for both ion-specific 

nonideality and heterogeneity, for the description of the metal binding data 

over a wide range of coverage with bivalent metal ions. In a practical 

biosorption process, it can be expected that the coverage of the surface of 

adsorbents with metal ions is rather low. Then we assumed that the 

electrostatic effects and other nonideal behavior of adsorbate metal ions are 
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negligible and simplified their model by setting the heterogeneity and 

nonideality parameters equal to one. Thus, the metal-binding constants, KMi 

(dm-3 mol), in Eq.[6] is defined as 

 

  KMi = θi /{αi (1- θi )[M2+]},      [7] 

 

where θi is the fraction of type i sites occupied by bivalent metal ions. The 

number of metal ions bound to 1 dry-g of H. akashiwo, XM, can be expressed as 

the sum of the number of metal ions bound to type 1 and type 2 sites; 

 

           [8] 

 

 Figures 2 and 3 show the pH dependence of the number of cadmium and 

lead ions bound to H. akashiwo, respectively. A preliminary kinetic 

experiments for the metal-alga system were conducted. The biosorption 

reaction proceeded rapidly and 10 minutes or so were enough to attain the 

equilibrium. From the results, we determined the contact time for the 

equilibrium experiments as 1 hour. 
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 A nonlinear least-squares method was applied to find two constants, KM1 

and KM2 , using Eq. [8]. The obtained constants are indicated in Table 2. The 

solid lines in the figures represent the theoretical curves calculated from Eq. 

[8] using the constants listed in Tables 1 and 2. The figures demonstrate a good 

agreement of the experimental data with the theoretical curves. It must be 

noted that the presence of counter or co-ions in the cell wall material was 

neglected in this model; therefore the acid-dissociation constants and the 

metal-binding constants listed in Tables 1 and 2 are dependent on the salt level. 
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SUMMARY 

 

 Marine microalga, Heterosigma akashiwo (Hada) Hada, which is a major 

constituent of red tides on the coast of Japan, was applied to the recovery of 

cadmium and lead ions from dilute acidic solutions A simple metal-binding 

model was used for the description of metal binding data. The results showed 

that the biosorption of bivalent metal ions to H. akashiwo was due to 

monodentate binding to two different types of acidic sites: carboxylic and 

phosphatic-type sites. 
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APPENDIX A: NOMENCLATURE 

 

Ki  = acid dissociation constant of type i acidic sites (mol dm-3) 

KMi = metal binding constant of type i acidic sites (dm3 mol-1) 

Ni = number of type i acidic sites (mol g-1) 

XH = number of protonated acidic sites on/in H. akashiwo (mol g-1) 

XM = number of metal ions bound to H. akashiwo (mol g-1) 

αi  = degree of dissociation of type i acidic sites (-) 

θi = fraction of type i acidic sites occupied by metal ions (-) 
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Figure Captions 

 

FIG. 1. Number of protonated acidic sites of H. akashiwo as a function of 

pH. The number of protonated acidic sites was determined by potentiometric 

titration for 0.3 dm3 of a solution containing H. akashiwo (0.1 g dm-3) and 

NaNO3 (0.1 mol dm-3) with 0.1 mol dm-3 HNO3 or NaOH. The solid line 

represents the theoretical curve calculated from Eq. [5]. 

 

FIG. 2. pH dependence of cadmium biosorption to H. akashiwo at 30℃. 

Ionic strength was adjusted to 0.1 mol dm-3 by NaNO3. Concentration of H. 

akashiwo and initial concentration of Cd(NO3)2 are indicated in the figure. The 

solid lines represent the theoretical curves calculated from Eq. [8]. 

 

FIG. 3. pH dependence of lead biosorption to H. akashiwo at 30℃. Ionic 

strength was adjusted to 0.1 mol dm-3 by NaNO3. Concentration of H. 

akashiwo and initial concentration of Pb(NO3)2 are indicated in the figure. The 

solid lines represent the theoretical curves calculated from Eq. [8]. 
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TABLE 1 

Equilibrium Parameters for Acid Dissociation 

 pK N 

Carboxylic 3.90 1.79×10-3 

Phosphatic 6.64 0.70×10-3 

Amino 9.51 2.79×10-3 

 

 

TABLE 2 

Metal-Binding Constants, pKMi, for Cd and Pb Biosorption 

 Cadmium Lead 

Carboxylic -2.36 -2.89 

Phosphatic -4.47 -5.53 

 

 



0

1.0

2.0

3.0

4.0

5.0

6.0

2 4 6 8 10 12
pH

X
H

(m
ol

 g
-1

) ×
10

3

Seki et al. Fig.1



Initial Cd concentration
○ 1.0x10-4 mol dm-3

△ 0.5x10-4 mol dm-3

Alga concentration
○ 0.056 g dm-3

△ 0.266 g dm-3

0

0.1

0.2

0.3

0.4

0.5

2.0 3.0 4.0 5.0 6.0 7.0 8.0

pH

X
M

(m
ol

 g
-1

) ×
10

3

Seki et al. Fig.2



0

0.2

0.4

0.6

0.8

1.0

2.0 3.0 4.0 5.0 6.0 7.0

Initial Pb concentration
○ 2.0x10-4 mol dm-3

△ 1.0x10-4 mol dm-3

□ 0.5x10-4 mol dm-3

Alga concentration
○ 0.086 g dm-3

△ 0.087 g dm-3

□ 0.122 g dm-3

pH

X
M

(m
ol

 g
-1

) ×
10

3

Seki et al. Fig.3


