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ABSTRACT 

In this study, methylated soy protein (MeSP) was applied to the 

solid-liquid separation or flocculation of kaolin and kanto loam (deposits of 

volcanic ash) suspensions (3.0 g/L). The flocculation performance of MeSP 

was evaluated in terms of supernatant clarity (jar test method) and floc 

settling rate (sedimentation balance method), and compared with those of 

chitosan and polyaluminum chloride (PAC). At pH 7, the optimum dosage 

of MeSP, chitosan and PAC were almost the same (about 1.5 wt.% of the 

suspended solids), but there was a remarkable difference in the floc settling 

rate. At the optimum dosage, the settling rate of the floc formed by MeSP 

was 6-7 mm/s, while those formed by chitosan and PAC were about 2 mm/s. 

MeSP showed the highest flocculation performance at pH 3-7 among these 

flocculants. At pH 8-12, the flocculation performance of MeSP was much 

higher than that of PAC, but lower than that of chitosan. The flocculation 

performance of MeSP for kanto loam suspension was strongly affected by 

the addition of seawater, while the effect of seawater concentration on the 

flocculation performance of MeSP for kaolin was moderate. 
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1. Introduction 

Flocculation is an easy and effective method to improve 

solid–liquid separation in wastewater treatment, tap water production, 

dredging/downstream processes and other industrial fields. Various 

chemical flocculating agents or flocculants have been developed, but the 

harmfulness has also been pointed out by many researchers. Synthetic 

high-molecular-weight polymers, such as polyacrylamide, are proved to be 

toxic especially to aquatic organisms [1–6], while others, such as aluminum 

compounds are known to inhibit the elongation of plant root [7-9]. 

Therefore, effective and eco-friendly bioflocculants that are easily 

biodegraded and produce no secondary pollution have been a topic of 

intense research and gain much wider attention in recent years [10-23]. 

However, for practical applications, high production costs have been a 

major problem in bioflocculant production by using microorganisms due to 

the relatively expensive conventional substrates such as glucose, fructose, 

sucrose and so on [10-12, 14-16, 21]. 

Based on the strong demand for safe, eco-friendly and low cost 

bioflocculants, we have investigated the use of general proteins, such as 
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hen egg white albumin, cow’s milk casein and soy protein as raw materials 

for bioflocculant. We have reported that the bioflocculants prepared by 

methylation of the proteins exhibited much higher flocculation 

performance for diatomite suspension than one of the most commonly used 

flocculant, polyaluminum chloride (PAC) [17-20]. These proteins could not 

work as flocculants for diatomite at pH > 5 because they had the same 

negative charge as diatomite at pH above their isoelectric points (pH > 5). 

The negative charge of protein is mainly attributed to the dissociated 

carboxyl groups, so we esterified the proteins with methyl alcohol in order 

to nonionize the carboxyl groups. As a result, the methylated proteins 

worked as effective flocculants for diatomite at pH 3-9. Our main purpose 

is to apply the methylated proteins to the treatment of turbid water 

generated from construction activities. For this purpose, the treatment of 

silica-rich soil suspension is important because the continental crust 

comprises about 60 wt.% of SiO2. Therefore, in our previous studies, we 

used diatomite which contains about 90 wt.% of SiO2 as a model 

suspension. 

In this study, we examined the applicability of methylated soy 
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protein (MeSP) to the flocculation of suspended solids containing metal 

oxides other than SiO2. For this purpose, we chose kaolin which contains 

40 wt.% of Al2O3 and kanto loam (deposits of volcanic ash in Kanto area in 

Japan) which contains 30 wt.% of Al2O3 and 20 wt.% of Fe2O3 as model 

suspensions. We chose methylated soy protein as a flocculant because we 

consider a residue of soybean-oil production is a potential raw material for 

soy protein-based bioflocculant. The flocculation ability of MeSP for 

kaolin and kanto loam suspensions were compared with those of chitosan 

and PAC in terms of supernatant clarity (jar test method) and floc settling 

rate (sedimentation balance method) in this study. 

 

2. Experimental 

2.1. Materials 

Protein powder (soy bean), methyl alcohol, ammonia solution, HCl 

solution, NaHNO3 and NaOH were purchased from Wako Pure Chemical 

Industries, Japan. Protein powder was of practical grade and other 

chemicals were of reagent grade. Polyaluminum chloride (PAC) solution 

(10.2±0.2 wt.% as Al2O3) was purchased from Taki Chemical Co., Japan. 
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Chitosan which has an average molecular weight of about 1000 kDa was 

purchased from Hokkaido Soda, Japan. The chitosan powder was dissolved 

in the same weight of acetic acid and diluted to 5.0 g/L with distilled water. 

They were used without further purification. Seawater was collected in 

Funka Bay (Japan) and it was filtered with a 0.45m membrane filter to 

remove suspended substances. 

Kaolin and kanto loam (deposits of volcanic ash in Kanto area of 

Japan) were used in the evaluation of flocculation performance of the 

flocculants. Kaolin was purchased from Wako Pure Chemical Industries, 

Japan. Kaolin has been used in many studies on flocculation thus the 

flocculation performance of our protein-based flocculant can be compared 

with those of flocculants used in other studies [13, 22, 24, 25]. According 

to the data supplied by the company, the major components of kaolin are 

45 % SiO2 and 40 % Al2O3. The size distribution of kaolin particles was 

measured using a laser diffraction particle size distribution analyzer 

(LA-300, Horiba Ltd., Japan). The median diameter and mode diameter 

were 4.9 and 4.8 m, respectively. The density measured by a pycnometer 

was 2.61 kg/L. 
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Kanto loam (dust for industrial testing No. 11) was purchased from 

Association of Powder Industry and Engineering, Japan. It was selected 

because of the difference in the chemical composition from kaolin. The 

major components of kanto loam supplied by the company are 40 % SiO2, 

30 % Al2O3 and 20% Fe2O3. It has a median diameter of 2.7 m, mode 

diameter of 2.8 m and a density of 2.96 kg/L. 

 

2.2. Preparation of bioflocculant 

Soy protein was methylated according to the method reported by 

Fraenkel-Conrat and Olcott [26]. A 20 g soy protein powder was dissolved 

in 1.0 L of 0.001M NaOH and then precipitated by the addition of 0.1M 

HCl solution at about pH 4.5. It was separated from the liquid phase by 

filtration and washed twice with methyl alcohol. It was suspended in 1.0 L 

of methyl alcohol containing HCl (0.1 M) and stirred for 24 h at room 

temperature. After neutralization with ammonia solution, the methylated 

soy protein (MeSP) was separated by centrifugation at 3000 rpm for 10min 

and air-dried at room temperature with occasional grinding for 1 day. The 

dried MeSP was pulverized in a high-speed mixer and stored in a desiccator. 
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MeSP were dissolved in 5% ethanol solution under ultrasonication (20 kHz, 

30 W, 2min) before use.  

 

2.3. Jar test method 

The flocculation performance of the flocculants in terms of the 

clarity of the supernatant was evaluated by a jar test method. A 0.6 g of 

kaolin or kanto loam was suspended in 200 ml of distilled water and the pH 

of the suspension was adjusted to the desired value with a small volume of 

0.1 M HCl, NaOH or NaHNO3 solution. A certain amount flocculant 

solution was added to the suspension, and it was stirred rapidly at 450 rpm 

for 3 min, followed by slow stirring at 150 rpm for 1 min. After the settling 

for 1 min, a 3 ml of suspension was withdrawn at 10 cm below the surface. 

The absorbance of the sample T was measured at 700 nm by using a 

spectrophotometer (U-2900, Hitachi High-Technologies Co., Japan). The 

clarification efficiency was defined and calculated by the following 

equation. 

 

Clarification efficiency = 1 – T/T0     (1) 
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where T0 represents the absorbance obtained from the control experiments. 

There were good correlations (correlation factor, R
2
 > 0.99) between the 

weight concentration of suspensions and their absorbance at 700 nm. 

Therefore, the clarification efficiency indicates not only the clarity of the 

supernatant but the weight fraction of the flocs that have the settling rate 

higher than 1.67 mm/s (100 mm/60 s). 

 

2.4. Sedimentation balance method  

The flocculation performance of the flocculants in terms of the 

settling rate of the floc was evaluated by a sedimentation balance method. 

A certain amount of flocculant solution was added to a kaolin or kanto 

loam suspension (3.0 g/L, 200 ml) and stirred at 500 rpm for 3 min. The 

suspension was transferred to a cylindrical tube in which a sediment trap 

was hung from an electronic micro-balance at a depth of 15.0 cm below the 

surface. The weight of solid/floc settled on the trap at time t, Wt, was 

recorded with time until it reached to a constant weight, Wf. The 

measurement was started five seconds after the suspension was poured into 
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the cylindrical tube to reduce the measurement error caused by turbulence 

of the suspension. 

 

3. Results and discussions 

3.1. Electrostatic property of MeSP 

Fig. 1 shows the self-aggregation behavior of soy protein and MeSP 

as a function of pH. It is well-known that proteins undergo self-aggregation 

at their isoelectric point. Thus, we measured the absorbance of soy protein 

and MeSP solutions (pH 3-11) as an index of the extent of self-aggregation. 

Soy protein underwent self-aggregation at pH < 6 and the absorbance 

reached to the maximum value at about pH 4. The pH at which the 

absorbance reached to the maximum value agreed with the isoelectric point 

of a soy protein reported by Chen and Soucie [27]. They reported that the 

electrophoretic mobility of a soy protein (obtained from Kraft, Inc., 

Glenview, Illinois) was +2.2 × 10
-8

 m/s·V·m at pH 3 and -3.4 × 10
-8

 

m/s·V·m at pH 9, and the protein had an isoelectric point at around pH 4.5. 

On the other hand, the absorbance of MeSP solution increased at pH > 6 

and reached to the maximum value at about pH 10. In the both cases, the 
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formation of aggregates could be observed visually. The results suggest that 

the isoelectric point of soy protein shifted from about pH 4 to pH 10 by the 

methylation or nonionization of carboxyl groups. 

 

3.2. Flocculation dynamics and reversibility of flocs 

Fig. 2 shows the photographs of jar test of kaolin-MeSP and 

kaolin-chitosan systems. The concentration and pH of the suspension were 

3.0 g/L and about pH 7, respectively. The dosage of flocculant was 1.0 

wt.% of kaolin. In the case of kaolin-MeSP system, the formation of large 

floc was observed and high clarity of the supernatant was obtained within 

30 seconds. On the other hand, in the case of kaolin-chitosan system, the 

size of floc was so small that the clarity of supernatant was very low. 

Fig. 3 shows the results of sedimentation balance measurement of 

kaolin, kanto loam and diatomite at the same MeSP dosage and pH. The 

concentration and pH of the suspension were 3.0 g/L and about pH 7, 

respectively. The dosage of MeSP was 1.0 wt% of suspended solids. The 

ordinate, 1 – Wt/Wf, represents the weight ratio of suspended solid 

remaining above the sediment trap. There was no significant difference in 
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the flocculation dynamics among kaolin, kanto loam and diatomite. The 

value of 1 – Wt/Wf decreased lineally from the beginning of the 

measurement (5 seconds after the suspension was poured into a cylindrical 

tube for the measurement). It indicates that the process of floc formation 

was rapid and the formed flocs had rather uniform in size. 

In order to examine the reversibility of flocs formed by MeSP, the 

sedimentation balance measurement was repeated four times using the 

same suspension. After the first measurement (circles), the suspension was 

transferred into an Erlenmeyer flask and stirred again at 500 rpm for 3 min 

using a magnetic stirrer, and then the suspension was used for the second 

measurement (triangles). In the same manner, the third (squares) and the 

fourth (rhombuses) measurements were carried out. Figs. 4 and 5 show the 

results of kaolin-MeSP (Fig. 4) and kanto loam-MeSP (Fig. 5) systems at 

about pH 7. The dosages of MeSP were 0.2 wt.% (solid gray symbols), 0.5 

wt.% (solid black symbols) and 1.0 wt.% (open symbols) of suspended 

solids. The results show that the flocs formed by MeSP have high 

reversibility. 
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3.3. Determination of settling rate of flocs 

According to the conventional and well-established sedimentation 

analysis (cumulative method), the value of Wt/Wf can be expressed by the 

sum of two terms as 
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where f (D) is the size–frequency distribution function of particles, D is the 

diameter of particles, and L is the sedimentation distance between the 

bottom of the sediment trap and the suspension surface. The first term on 

the right-hand side of Eq. (2) denotes the weight fraction of settled particles 

having the settling rate v > L/t, and the second term denotes the weight 

fraction of settled particles having the settling rate v < L/t. The 

differentiation of the above equation with respect to time t gives 
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R denotes the cumulative oversize fraction of suspended particles or the 

weight fraction of particles having settling rate v > L/t. Combining Eqs. (2) 

and (3), we obtain the equation 

 

Rt
dt

WfWtd

W

W

f

t 
)/(

      (4) 

 

Eq. (4) indicates that the value of R at time t can be obtained from the 

intercept of tangential line of the sedimentation curve. In the linear part of 

the sedimentation curve, the value of R should be zero and the following 

equation is obtained by substituting R = 0 to Eq. (3). 

 

dt

WWd
Lv

ft )/(
        (5) 

 

Thus the settling rate of flocs v in the linear part of the sedimentation curve 

can be determined from the slope of the linear part of sedimentation curve 

and the sedimentation distance (L = 150 mm) using Eq. (5). 
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3.4. Effect of flocculant dosage on flocculation efficiency 

Fig. 6 shows the comparison of the flocculation performance of 

MeSP (triangles), chitosan (rhombuses) and PAC (circles) for kaolin 

suspension as a function of flocculant dosage. The dosage was expressed as 

the percentage of the flocculants relative to kaolin on a dry weight basis. 

The concentration and pH of the suspension were 3.0 g/L and about pH 7, 

respectively. The solid and open symbols represent the floc settling rate and 

the clarification efficiency, respectively. 

The results showed that the flocculation performance of MeSP was 

obviously higher than those of chitosan and PAC. The clarification 

efficiency reached almost 1.0 at the MeSP dosage of 1.0-4.0 wt.%. The 

clarification efficiency with chitosan reached almost 1.0 at the dosage of 

1.0 wt.%, but it decreased to 0.6 with the increase of dosage. In the case of 

PAC, the clarification efficiency did not reach 1.0 and decreased to 0.4 with 

the increase of dosage. It should be noted that there was a significant 

difference among the settling rates of the flocs formed by MeSP, chitosan 

and PAC. The settling rate of the floc formed by MeSP was about three 

times higher than those formed by chitosan and PAC. Fig. 7 shows the 
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comparison of the flocculation performance of MeSP, chitosan and PAC for 

kanto loam suspension as a function of flocculant dosage. The 

concentration and pH of the suspension were 3.0 g/L and about pH 7, 

respectively. The meanings of the symbols are the same as those in Fig. 6. 

There was no significant difference between the results shown in Figs. 6 

and 7. In this case also the settling rate of the floc formed by MeSP was 

about three times higher than those formed by chitosan and PAC. 

 

3.5. Effect of pH on flocculation efficiency 

Figs. 8 and 9 show the effect of pH on the flocculation performance 

of MeSP (triangles), chitosan (rhombuses) and PAC (circles) at a fixed 

flocculant dosage of 1.5 wt.% for kaolin (Fig. 8) and kanto loam (Fig. 9) 

suspensions, respectively. The concentration of the suspension was 3.0 g/L. 

The solid and open symbols represent the floc settling rate and the 

clarification efficiency, respectively. 

MeSP showed high clarification efficiency of almost 1.0 at pH 3-10 

for both kaolin and kanto loam suspensions but it decreased at pH > 10. 

The settling rate of kaolin-MeSP floc was about 8 mm/s at pH 3-6 and 
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decreased gradually to 2 mm/s with the increase of pH. In our previous 

study [20], MeSP showed a similar pH dependence of flocculation 

performance for diatomite suspension. The negative charge density of 

kaolin and diatomite surfaces are almost constant at pH > 4 because the 

point of zero charge of kaolin is pH 3-4 [28, 29] and that of diatomite is pH 

2-3 [30, 31]. On the other hand, it is well-known that the number of 

positively charged amino groups of proteins is almost constant at pH < 8 

and decreases with the increase of pH at pH > 8. Therefore, the decrease in 

the settling rate of kaolin-MeSP floc at pH > 8 can be attributed to the 

decrease in the electrostatic interaction between kaolin surface and MeSP.  

In the case of kanto loam suspension, the settling rate of floc 

formed by MeSP was about 5 mm/s at pH 5-7 and it decreased at pH > 7 

and at pH < 5. Diatomite comprises about 90 % of SiO2, and the major 

components of kaolin are 45 % SiO2 and 40 % Al2O3. On the other hand, 

kanto loam is composed of 40 % SiO2, 30 % Al2O3 and 20% Fe2O3. The 

point of zero charge of kanto loam should be higher than that of kaolin and 

diatomite, because the point of zero charge of SiO2, Al2O3 and Fe2O3 are at 

pH 2-3, pH 8-10 and pH 6-8, respectively [32]. Thus, it can be considered 
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that the negative charge density of kanto loam surface decreased with the 

decrease of pH from 5 to 3, and the electrostatic interaction between kanto 

loam surface and MeSP decreased with the decrease of pH.  

Chitosan showed high clarification efficiency at pH 7-12 for the 

suspensions of kaolin and kanto loam, but it declined sharply at pH 6-7. 

The settling rate of the flocs formed by chitosan at pH < 7 was much lower 

than those formed by MeSP. However, the settling rate increased sharply 

from 1.5 to 11 mm/s at pH 7-8 and surpassed the settling rate of the floc 

formed by MeSP. Although the data were not shown, we measured the 

absorbance of chitosan solution in the absence of solid particles at 270 nm 

as a function of pH. The absorbance increased sharply at pH 7-8 with the 

increase of pH. The result suggests that the self-aggregation of chitosan 

occurred at pH > 7 and the formed large aggregates enhanced the 

flocculation of suspended solids. In the case of PAC, the clarification 

efficiency increased sharply at pH 5-6, but it decreased gradually at pH 6-9 

and sharply at pH 9-10. The settling rate was much lower than those 

formed by MeSP and chitosan over the pH range studied. 
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3.6. Effect of seawater concentration on flocculation efficiency 

In order to evaluate the applicability of MeSP to the turbid water 

treatment at brackish water wellfield, the effect of seawater concentration 

on the flocculation performance of MeSP was examined (Fig. 10). The 

clarification efficiency of kaolin-MeSP system (open circles) was kept at 

0.96 even in seawater, while that of kanto loam-MeSP system (open 

triangles) was decreased to 0.8 by the addition of 50 % of seawater. The 

difference in the effect on floc settling rate between kaolin-MeSP (solid 

circles) and kanto loam-MeSP (solid triangles) systems was more 

remarkable. In the case of kaolin, the floc settling rate gradually decreased 

from 6 to 4 mm/s with the increase of seawater concentration. On the other 

hand, in the case of kanto loam, the floc settling rate sharply decreased 

from 6 to 2 mm/s by the addition of 25 % of seawater. The result of 

kaolin-MeSP system was similar to the result of diatomite-MeSP system 

reported in our previous study [20]. In the case of diatomite-MeSP system, 

the clarification efficiency and floc settling rate in seawater were kept at 

about 0.95 and 4 mm/s, respectively.  
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It is generally accepted that flocculation mechanism can be divided 

into three categories: charge neutralization mechanism, electrostatic patch 

mechanism and bridging mechanism [33, 34]. Flocculation induced by 

charge neutralization is effective through an increase in solution ionic 

strength. In the case of MeSP, the flocculation performance was lowered by 

the addition of seawater or the increase of ionic strength (Fig. 10). 

Flocculation of colloidal particles with long chain polymers often belong to 

the category of bridging mechanism. In this case, the long chain polymers 

generally have molecular weight in the range of several millions to ten 

million [34]. Soy protein is composed of 30 % of glycinin and 40 % of 

-conglycinin, and the molecular weight of glycinin (320-380 kDa) and 

-conglycinin (150-180 kDa) were much smaller than that of the polymers 

which can induce bridging flocculation [35]. On average, bridging 

flocculation gives flocs which are much stronger than those produced by 

addition of salt. However, such stronger flocs produced by the bridging 

mechanism may not reform once broken at high shear rates [34]. In the 

case of MeSP, the formed flocs had high reversibility as shown in Figs 4 

and 5. Thus, we considered that the flocculation mechanism of MeSP 
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belong to the category of electrostatic patch mechanism. 

 

4. Conclusions 

The flocculation performance of soy protein-based bioflocculant, 

methylated soy protein (MeSP), was tested with suspensions of kaolin and 

kanto loam (deposits of volcanic ash). The flocculation performance of 

MeSP was compared with a well-known bioflocculant chitosan and a 

widely used commercial flocculant, polyaluminum chloride (PAC) in terms 

of the clarification efficiency and the floc settling rate.  

At pH 7, MeSP showed a much higher flocculation performance 

than chitosan and PAC for both kaolin and kanto loam suspensions, and the 

flocs formed by MeSP had high reversibility. A high clarification efficiency 

of almost 1.0 or relative turbidity of almost 0 was obtained at the dosage of 

1.0-4.0 wt.% of suspended solids within a settling time of 1 min. At the 

dosage of 1.5-4.0 wt.%, the settling rate of the flocs formed by MeSP was 

about 7 mm/s for kaolin and about 6 mm/s for kanto loam. The settling rate 

was about three times higher than those of chitosan and PAC. 

Krentz et al. [13] tested the flocculation performance of cationic 
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derivatives of potato, wheat and maize starch with a kaolin suspension (1 

g/L). The flocculation efficiency of cationic potato starch was almost 

comparable to that of polyacrylamide. The relative turbidity decreased to 

almost 0 by the addition of cationic potato starch (0.5 wt.% of suspended 

solids) within a settling time of 20 min. Shogren [22] tested the flocculation 

efficiency of waxy maize starch phosphates with a kaolin suspension (10 

g/L). The waxy maize starch was ineffective as flocculant for kaolin and it 

required the addition of CaCl2 as a flocculant aid. By the addition of 2-4 

mM of CaCl2, almost all kaolin could be settled by the addition of 5 ppm of 

starch phosphate within a settling time of 2 min. In terms of the floc 

settling rate, the kaolin floc formed by polyacrylamide in a suspension of 

50 g/L [24] and formed by Al(OH)3–polyacrylamide ionic hybrid in a 

suspension of 2.5 g/L [25] were about 1 and 0.2 mm/s, respectively. 

Compared with these values, it is obvious that the kaolin floc formed by 

MeSP had a very high settling rate. 

The effect of pH on the flocculation performance of MeSP, chitosan 

and PAC was also examined at an optimum dosage of 1.5 wt.%. The 

flocculation performance of MeSP was much higher than that of PAC at pH 
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3-12, in terms of both the clarification efficiency and the floc settling rate. 

MeSP showed much higher flocculation performance than chitosan at pH 

3-7, in terms of both the clarification efficiency and the settling rate. The 

clarification efficiency of MeSP was almost the same as that of chitosan at 

pH 7-10, however the settling rate of floc formed by chitosan increased 

sharply at pH 7-8 and surpassed that formed by MeSP. 

The flocculation performance of MeSP for kanto loam suspension 

was strongly affected by the addition of seawater, while the effect of 

seawater concentration on the flocculation performance of MeSP for kaolin 

was moderate. 

  



24 

 

References 

[1] Y. Arryanto, L. S. Bark, Reineckate ions as a precipitant for the 

determination of trace amounts of polyacrylamides in potable waters, 

Anal. Chem. Acta 263 (1992) 119–129. 

[2] B. Bolto, J. Gregory, Organic polyelectrolytes in water treatment, 

Water Res. 41 (2007) 2301–2324. 

[3] K. L. Dearfield, C. O. Abernathy, M. S. Ottley, J. H. Brantner, P. F. 

Hayes, Acrylamide: its metabolism, developmental and reproductive 

effects, genotoxicity, and carcinogenicity, Mutat. Res. 195 (1988) 

45–77. 

[4] R. Hasegawa, K. Naitoh, Y. Kawasaki, Y. Aida, J. Momma, M. Saitoh, 

Y. Nakaji, Y. Kurokawa, Acute and subacute toxicity studies on 

2,3-dichloropropionic acid and chlorinated polyacrylamide in rats, 

Water Res. 24 (1990) 661–666. 

[5] S. Lattemann, T. Höpner, Environmental impact and impact 

assessment of seawater desalination, Desalination 220 (2008) 1–15. 

[6] K. Liber, L. Weber, C. Leˇıvesque, Sublethal toxicity of two 

wastewater treatment polymers to lake trout fry (Salvelinus 



25 

 

namaycush), Chemosphere 61 (2005) 1123–1133. 

[7] J. Barcelo’, C. Poschenrieder, Fast root growth responses, root 

exudates, and internal detoxification as clues to the mechanisms of 

aluminium toxicity and resistance: a review, Environ. Exp. Bot. 48 

(2002) 75–92. 

[8] D. L. Jones, L. V. Kochian, Aluminum inhibition of the inositol 

1,4,5-trisphosphate signal transduction pathway in wheat roots: a role 

in aluminum toxicity? Plant Cell 7 (1995) 1913–1922. 

[9] P. Sun, Q. Tian, M. Zhao, X. Dai, J. Huang, L. Li, W. Zhang, 

Aluminum-induced ethylene production is associated with inhibition 

of root elongation in Lotus japonicus L., Plant Cell Physiol. 48 (2007) 

1229–1235. 

[10] S. B. Deng, R. B. Bai, X. M. Hu, Q. Luo, Characteristics of a 

bioflocculant produced by Bacillus mucilaginosus and its use in starch 

wastewater treatment, Appl. Microbiol. Biotechnol. 60 (2003) 

588–593. 

[11] M. Fujita, M. Ike, S. Tachibana, G. Kitada, S. M. Kim, Z. Inoue, 

Characterization of a bioflocculant produced by Citrobacter sp. 



26 

 

TKF04 from acetic acid and propionic acids, J. Biosci. Bioeng. 89 

(2000) 40–46. 

[12] N. He, Y. Li, J. Chen, Production of a novel polygalacturonic acid 

bioflocculant REA-11 by Corynebacterium glutamicum, Bioresour. 

Technol. 94 (2004) 99–105. 

[13] D. O. Krentz, C. Lohmanna, S. Schwarzb, S. Bratskayac, T. Liebertd, 

J. Laubed, T. Heinzed, W. M. Kulickea, Properties and flocculation 

efficiency of highly cationized starch derivatives, Starch 58 (2006) 

161–169. 

[14] Y. Li, N. He, H. Guan, G. Du, J. Chen, A novel polygalacturonic acid 

bioflocculant REA-11 produced by Corynebacterium glutamicum: a 

proposed biosynthetic pathway and experimental confirmation, Appl. 

Microbiol. Biotechnol. 52 (1999) 698–703. 

[15] W. Y. Lu, T. Zhang, D. Y. Zhang, C. H. Li, J.P. Wen, L. X. Du, A novel 

bioflocculant produced by Enterobacter aerogenes and its use in 

defecating the trona suspension, Biochem. Eng. J. 27 (2005) 1–7. 

[16] H. Salehizadeh, S. A. Shojaosadati, Extracellular biopolymeric 

flocculants. Recent trends and biotechnological importance, 



27 

 

Biotechnol. Adv. 19 (2001) 371–385. 

[17] H. Seki, A. Suzuki, Flocculation of diatomite by methylated egg 

albumin, J Colloid Interface Sci. 263 (2003) 42–46. 

[18] H. Seki, A. Suzuki, M. Shinguh, H. Maruyama, Flocculation of 

diatomite by methylated milk casein in seawater, J. Colloid Interface 

Sci. 270 (2004) 359– 363. 

[19] H. Seki, E. Hirai, Y. Shoji, H. Maruyama, Flocculation of diatomite by 

ethylesterified hen egg albumin, Kagaku Kogaku Ronbunshu 35 

(2009) 66– 69. 

[20] H. Seki, H. Maruyama, Y. Shoji, Flocculation of diatomite by a soy 

protein-based bioflocculant, Biochem. Eng. J. 51 (2010) 14–18 

[21] I. L. Shih, Y. T. Van, L. C. Yeh, H. G. Lin, Y. N. Chang, Production of 

a biopolymer flocculant from Bacillus licheniformis and its 

flocculation properties, Bioresour. Technol. 78 (2001) 267–272. 

[22] R. L. Shogren, Flocculation of kaolin by waxy maize starch 

phosphates, Carbohydr. Polym. 76 (2009) 639–644. 

[23] A. I. Zouboulisa, X. L. Chaib, A. Katsoyiannis, The application of 

bioflocculant for the removal of humic acids from stabilized landfill 



28 

 

leachates, J.Environ. Manage. 70 (2004) 35–41. 

[24] M. S. Nasser, A. E. James, The effect of polyacrylamide charge 

density and molecular weight on the flocculation and sedimentation 

behavior of kaolinite suspensions, Sep. Purif. Technol. 52 (2006) 

241–252. 

[25] W. Y. Yang, J. W. Qian, Z. Q. Shen, A novel flocculant of 

Al(OH)3–polyacrylamide ionic hybrid, J. Colloid Interface Sci. 273 

(2004) 400–405. 

[26] H. Fraenkel-Conrat, H. S. Olcott, Esterification of proteins with 

alcohols of low molecular weight, J. Biol. Chem. 161 (1945) 259–268. 

[27] W. S. Chen, W. G. Soucie, The ionic modification of the surface 

charge and isoelectric point of soy protein, J. Amer. Oil Chem. Soc. 63 

(1986) 1346-1350. 

[28] L. B. Garrido, C. Volzone and R. M. Torres Sanchez, OH-Al polymers 

and HMP adsorption on kaolinite: experimental conditions and 

viscosity of deflocculated suspensions, Colloids Surf. A 121(2) (1997) 

163-171. 

[29] R. M.Torres Sancheza, Filtration as a method of isoelectric point (IEP) 



29 

 

determination, Mat. Chem. Phys. 26(2) (1990) 173-180. 

[30] B. Gao, P. Jiang, F. An, S. Zhao, Z. Ge, Studies on the surface 

modification of diatomite with polyethyleneimine and trapping effect 

of the modified diatomite for phenol, Appl. Surf. Sci. 250 (2005) 

273-279. 

[31] A. Gelabert, O.S. Pokrovsky, J. Schott, A. Boudou, A. Feurtet-Mazel, 

J. Mielczarski, E. Mielczarski, N. Mesmer-Dudons, O. Spalla, Study 

of diatoms/aqueous solution interface. I. Acid-base equilibria and 

spectroscopic observation of freshwater and marine species, Geochem. 

Cosmochim. Acta 68 (2004) 4039-4058. 

[32] G. A. Parks, The isoelectric points of solid oxides, solid hydroxides, 

and aqueous hydroxo complex systems, Chem. Rev. 65 (2) (1965) 

177-198. 

[33] J. Gregory, Rates of flocculation of latex particles by cationic 

polymers, J. Colloid Interface Sci. 42 (2) (1973) 448-456. 

[34] T. Tripathy, B. B. De, Flocculation: A new way to treat the waste water, 

J. Phys. Sci. 10 (2006) 93-127. 

[35] M. B. Barać, S. P. Stanojević, S. T. Jovanović, M. B. Pešić, Soy 



30 

 

protein modification – a review, APTEFF. 35 (2004) 3-16. 

  



31 

 

Figure captions 

Fig. 1. Self-aggregation behavior of soy protein and methylated soy 

protein (MeSP) as a function of pH. Concentration of protein was 0.1 g/L. 

 

Fig. 2. Photographs of jar test of kaolin-MeSP and kaolin-chitosan 

systems. Concentration and pH of the suspensions were 3.0 g/L and about 

pH 7, respectively. Flocculant dosage was 1.0 wt.% of kaolin.  

 

Fig. 3. Results of sedimentation balance measurement of kaolin 

(triangles), kanto loam (circles) and diatomite (squares) with MeSP. The 

ordinate, 1-Wt/Wf, represents the weight ratio of suspended solids 

remaining above the sediment trap set at the depth of 15 cm. Concentration 

and pH of suspensions were 3.0 g/L and about pH 7, respectively. Dosage 

of MeSP was 1.0 wt.% of suspended solid. 

 

Fig. 4. Reversibility of kaolin-MeSP floc at the MeSP dosages of 0.2 

(solid gray symbols), 0.5 (solid black symbols) and 1.5 wt.% (open 

symboles) of kaolin. The sedimentation balance measurement was repeated 
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four times using the same suspension; first time (circles), second time 

(triangles), third time (squares) and fourth time (rhombuses). Concentration 

and pH of kaolin suspension were 3.0 g/L and about pH 7, respectively. 

 

Fig. 5. Reversibility of kanto loam-MeSP floc at the MeSP dosages of 0.2 

(solid gray symbols), 0.5 (solid black symbols) and 1.5 wt.% (open 

symboles) of kaolin. The sedimentation balance measurement was repeated 

four times using the same suspension; first time (circles), second time 

(triangles), third time (squares) and fourth time (rhombuses). Concentration 

and pH of kanto loam suspension were 3.0 g/L and about pH 7, 

respectively. 

 

Fig. 6. Floc settling rate (solid symbols), and clarification efficiency 

(open symbols) as a function of dosage of MeSP (triangles), chitosan 

(rhombuses) and PAC (circles). Concentration and pH of kaolin suspension 

were 3.0 g/L and pH 7, respectively. Lines are drawn as a guide for the eye. 
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Fig. 7. Floc settling rate (solid symbols), and clarification efficiency 

(open symbols) as a function of dosage of MeSP (triangles), chitosan 

(rhombuses) and PAC (circles). Concentration and pH of kanto loam 

suspension were 3.0 g/L and pH 7, respectively. Lines are drawn as a guide 

for the eye. 

 

Fig. 8. Floc settling rate (solid symbols), and clarification efficiency 

(open symbols) as a function of pH. Dosage of MeSP (triangles), chitosan 

(rhombuses) and PAC (circles) were 1.5 wt.% of kaolin. Concentration of 

kaolin was 3.0 g/L. Lines are drawn as a guide for the eye. 

 

Fig. 9. Floc settling rate (solid symbols), and clarification efficiency 

(open symbols) as a function of pH. Dosage of MeSP (triangles), chitosan 

(rhombuses) and PAC (circles) were 1.5 wt.% of kanto loam. Concentration 

of kanto loam was 3.0 g/L. Lines are drawn as a guide for the eye. 

 

Fig. 10. Effect of seawater concentration on the floc settling rate (solid 

symbols) and clarification efficiency (open symbols) in kaolin-MeSP 
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(circles) and kanto loam (triangles) systems. Dosage of MeSP was 1.0 wt.% 

of suspended solids. 
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