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ABSTRACT 1 

 2 

   The effect of ethylated soy protein-based bioflocculant (EtSP) as a filter aid 3 

reagent was investigated. The efficiency of EtSP as a filter aid was evaluated in 4 

terms of the specific cake resistance, , and was compared with chitosan and 5 

polyaluminum chloride (PAC). Diatomite and kaolin were used as model 6 

particles. Total filtration resistance, R, decreased with increasing flocculant 7 

dosage (wt.%, flocculant/particle) and was almost constant in the range of 1 8 

wt.% or more for both particles. The  value was significantly decreased from 9 

1.01×10
11

 to 9.01×10
10

 m/kg for diatomite and from 5.11×10
10

 to 5.20×10
9
 m/kg 10 

for kaolin by the addition of EtSP in the case of 1.0 wt.%. The  value for cakes 11 

formed by EtSP was much smaller than that formed by chitosan and PAC. In the 12 

case of diatomite, in the dose range of 0.5-1.0 wt.%, the  value for cakes 13 

formed by EtSP and chitosan was almost the same. However, at the excess dose 14 

of 2.0 wt.% over, the  value formed by chitosan abruptly increased. In the case 15 

of kaolin, in the dose range of 1.0-2.0 wt.%, the  values of chitosan and PAC 16 

were mostly the same, however, these values were larger ca. nine times than that 17 

of EtSP. 18 

 19 

Keywords: flocculation filtration, filter-aid flocculant, soy protein, 20 

biodegradable flocculant, specific cake resistance, ethylated protein 21 

22 
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HIGHLIGHTS 1 

 2 

The proposed filtration model was verified by experimental results. 3 

 4 

Evaluation of the efficiency of EtSP as a filter aid by the specific cake resistance, 5 

 6 

 7 

The  value by EtSP was much smaller than that by PAC at proper dosages. 8 

9 
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INTRODUCTION 1 

 2 

   Removal of suspended solids by filtration plays an important role in 3 

wastewater treatment (Nishi et al. 2012), tap water production (Zouboulis & 4 

Katsoyiannis 2002; Fiksdal & Leiknes 2006; Jeong & Vigneswaran 2013), and 5 

downstream processes (Khouni et al., 2020) in various industries. Sometimes, 6 

during the filtration process, small particles penetrate deeply into the filter media 7 

and cause premature turbidity breakthrough. This requires more frequent 8 

backwashing of the filter and the use of large volumes of backwash water to be 9 

able to remove the particles that have penetrated deeply into the filter media. To 10 

avoid the clogging of filter media with small particles, the use of filter aid is one 11 

of the most effective methods. When a flocculant is used as a filter aid, the size 12 

of particles can be increased by interparticle bridging. 13 

   Indeed, the use of filter aids has demonstrated multi-benefits, namely, an 14 

improvement of filtrate quality, a resistance to early breakthrough, and a 15 

reduction in the magnitude and duration of the filter ripening sequence. It has 16 

been reported that the addition of polyelectrolytes as a filter aid could drastically 17 

improve filtration performance of suspended solids in the effluent stream from 18 

recirculating aquaculture systems (Ebeling et al. 2003; Sharrer et al. 2009; 19 

Guerdat et al. 2013). In other industrial fields, flocculants/filter aids have been 20 

used in the dewatering of digested sewage sludge (Qi et al. 2011) and ultrafine 21 

coal (Tao et al. 2000), and pre-treatment to reverse osmosis desalination (Johir 22 

et al. 2009). Polyelectrolytes were also used as a membrane performance 23 
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enhancer to prevent membrane fouling in a membrane bioreactor process (Yoon 1 

et al. 2005; Wu et al. 2006; Ji et al. 2008). 2 

   On the other hand, the harmfulness of conventional flocculants has been 3 

pointed out by many researchers. Synthesized high-molecular-weight polymers, 4 

such as polyacrylamide, are proved to be toxic especially to aquatic organisms 5 

(Dearfield et al. 1988; Hasegawa et al. 1990; Bolto & Gregory 2007), while 6 

others, such as aluminum compounds are known to negatively impact plant 7 

growth (Jones & Kochian 1995; Balcelo’ & Poschenrieder 2002). Therefore, 8 

effective and eco-friendly bioflocculants, that are easily biodegraded and 9 

produce no secondary pollution, have been a topic of intense research and have 10 

gained much wider attention in recent years. However, for practical applications, 11 

high production costs have been a major problem in bioflocculant production by 12 

using microorganisms due to the relatively expensive conventional substrates 13 

such as glucose, fructose, sucrose, and so on (Fujita et al. 2000; Shih et al. 2001; 14 

Deng et al. 2003; He et al. 2004). 15 

   Based on the strong demand for safe, eco-friendly, and low-cost 16 

bioflocculants, we investigated the use of general proteins, such as chicken egg 17 

white albumin, cow’s milk casein, and soy protein as raw materials for 18 

bioflocculant. We have reported that bioflocculants prepared by methyl 19 

esterification of proteins exhibited much higher flocculation performance for 20 

diatomite, kaolin, and kanto loam suspensions than polyaluminum chloride 21 

(PAC) and chitosan (Seki et al. 2003, 2004, 2009, 2010; Liu et al. 2012). 22 

However, methanol is toxic and hazardous to human health. So, we considered 23 
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that the use of ethanol for esterification is more suitable for the safety of human 1 

health, the manufacturing field, and the environment than the use of methanol 2 

(Seki et al. 2009).  3 

   In the previous study (Seki et al. 2009), we demonstrated that the ethylated 4 

egg albumin was a high-performance bioflocculant in comparison with 5 

flocculation by PAC by using diatomite suspension. As described in the above 6 

paragraph, it has been necessary to be biodegradable and eco-friendly for filter 7 

aid reagent or flocculant. In addition, in our previous study (Seki et al. 2010; Liu 8 

et al, 2012), soy protein was also an alternative potential protein-based 9 

bioflocculant as same as egg albumin.  10 

   Therefore, in this study, ethylated soy protein (EtSP) was applied to the 11 

flocculation filtration of diatomite and kaolin suspension. Diatomite and kaolin 12 

particles were selected as typical model substances for soil particles and clay 13 

particles in common soil. The gravity filtration experiments were carried out by 14 

using EtSP, chitosan, and polyaluminum chloride (PAC) as flocculants or filter 15 

aids. The effect of EtSP on the flocculation filtration of diatomite and kaolin 16 

suspensions was compared with chitosan and PAC in terms of specific cake 17 

resistance as a filter aid performance indicator. 18 

19 
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MATERIALS AND METHODS 1 

 2 

Materials 3 

 4 

   Protein powder (soybean, ca. 90 %), ethyl alcohol (99.5 %), ammonia 5 

solution (25 %), HCl solution (36 %), NaOH (97 %), and NaHCO3 (99.5 %) 6 

were purchased from Wako Pure Chemical Industries, Japan. Protein powder 7 

was of practical grade and other chemicals were of reagent grade, respectively. 8 

Polyaluminum chloride (PAC) solution (10.2 ± 0.2 wt.% as Al2O3) was 9 

purchased from Taki Chemical Co., Japan. Chitosan which has an average 10 

molecular weight of about 1000 kDa was purchased from Hokkaido Soda, Japan. 11 

The chitosan powder was dissolved in the same weight of acetic acid and diluted 12 

to 5.0 kg/m
3
 with distilled water. They were used without further purification. 13 

   Diatomite (diatomaceous earth) and kaolin were purchased from Kanto 14 

Chemical Co. Inc., Japan, and Wako Pure Chemical Industries. Ltd., Japan, 15 

respectively. According to the data from the supplier, diatomite was composed 16 

of about 90% SiO2 and kaolin was composed of about 45% SiO2 and 40% Al2O3. 17 

Both powders were dried at 80C for 24 h and stored in a desiccator. The size 18 

distribution of particles was measured using a laser diffraction particle size 19 

distribution analyzer (LA-300, Horiba Ltd., Japan). The median diameter and 20 

mode diameter of diatomite were 11.1 and 16.2 m, respectively. The density of 21 

diatomite measured by a pycnometer was 2510 kg/m
3
. In the same manner, the 22 

median diameter and mode diameter of kaolin were 2.7 and 2.8 m, respectively. 23 



7 

 

The density of kaolin was 2960 kg/m
3
.  1 

 2 

Preparation of bioflocculant (EtSP) 3 

 4 

   Soy protein was ethylated according to the method reported by 5 

Fraenkel-Conrat and Olcott (1945). Soy protein powder (20 g) was dissolved in 6 

0.001 M NaOH (1.0 L) and then precipitated by the addition of 0.1 M HCl 7 

solution at about pH 4.5. The soy protein was separated from the aqueous phase 8 

by filtration and was washed twice with ethyl alcohol. It was suspended in 1.0 L 9 

of ethyl alcohol containing HCl (0.1 M) and was stirred for 48 h at room 10 

temperature. After neutralization with ammonia solution, the ethylated soy 11 

protein (EtSP) was separated by centrifugation at 3000 rpm for 10 min and was 12 

air-dried at room temperature with occasional grinding for 1 day. The dried EtSP 13 

was pulverized in a high-speed mixer and was stored in a desiccator. The dry 14 

powder of EtSP was dissolved in 5% ethanol solution under ultrasonication (20 15 

kHz, 30 W, 2 min) before use. The degree of esterification of soy proteins by 16 

ethanol was determined from the change in the number of carboxylic groups 17 

before and after esterification. The number of carboxylic groups was determined 18 

by potentiometric titration. The procedure was mostly the same method of 19 

previous studies. The detail information is referred to in the previous study (Seki 20 

et al., 2003). The degree of esterification of EtSP in the present study was ca. 21 

90 %. The electrostatic properties of EtSP were mostly the same as those of 22 

MeSP (methylated soy protein) used in the previous study. The detail 23 
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information would be referred to in the literature (Liu et al. 2012). 1 

 2 

Filtration experiments 3 

 4 

   A Schematic diagram of 5 

the experimental setup is 6 

shown in Figure. 1. Gravity 7 

filtration experiments were 8 

performed in a clear acrylic 9 

cylindrical tube with an inner 10 

diameter of 32 mm and a 11 

height of 250 mm. A filter 12 

holder was attached to one end 13 

of the tube. The outlet diameter 14 

of the filter holder was 50 mm 15 

and the effective filtration area 16 

was 8.0×10
–4

 m
2
 (hereafter this setup will be referred to as "filtration apparatus"). 17 

To ensure a clear filtrate in all experiments, a filter paper which consists of 99% 18 

-cellulose and has a cut-off size of 5 m (Qualitative filter paper No. 2, 19 

ADVANTEC MFS, INC., Japan) was used as the filter medium. The filtration 20 

apparatus was placed above an electronic balance and the filtrate was collected 21 

in a 300 mL plastic beaker placed on the electronic balance. The filtrate outlet of 22 

the filtration apparatus was closed with a silicone rubber stopper until the 23 

32 mm

250 mm

filter packing

filter

filter packing

Microbalance

personal computer

Figure 1 Schematic drawing of the experimental setup for

flocculation filtration system.
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filtration was started. 1 

   Diatomite or kaolin suspensions were prepared by dispersing dry powder in 2 

distilled water in a 300 mL glass beaker. The pH of the suspension was adjusted 3 

to 7.0 ± 0.2 with the addition of 0.1 mL of 0.01 M NaHCO3 solution. The 4 

suspension was stirred with a propeller stirrer for more than 12 h to establish the 5 

equilibrium state. A certain amount of flocculant solution was added to the 6 

suspension. The total volume of the suspension at this point was 150 mL. It was 7 

stirred rapidly at 150 rpm for 13 min, followed by slow stirring at 50 rpm for 2 8 

min with a jar tester. 9 

   The suspension was poured into the filtration apparatus and settled for 30 10 

min to ensure the formation of the cake layer. The flocs formed by EtSP settled 11 

on the filter medium within 5 min, and a clear liquid upper phase was obtained. 12 

After the settling, the silicone rubber stopper was removed and the clear liquid 13 

was filtered through the cake layer. The weight of filtrate collected in the beaker 14 

was recorded every 5 seconds by using a personal computer. After each 15 

experiment, the total weight of filtrate was measured to obtain the density of the 16 

filtrate. Based on the density of water, the weight of filtrate at each time point 17 

was converted into the volume of the filtrate. In the case of the control 18 

experiment without flocculant, the suspension was settled for about 24 h to 19 

ensure the formation of the cake layer. A filtration experiment without 20 

suspended solids or with distilled water was also conducted to determine the 21 

filter medium resistance. The experiments were repeated at least three times, and 22 

the average values were used for data analysis. 23 

24 
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THEORETICAL 1 

 2 

Proposed filtration model for estimation of specific cake resistance, 3 

 4 

   According to Darcy's law, a general equation for a filtration process is 5 

expressed as: 6 

 7 

   
R

PA

dt

dV




           (1) 8 

 9 

where A is the filtration area, P is the pressure drop across the filter, R is the 10 

total filtration resistance, t is the filtration time, V is the filtrate volume at t,  is 11 

the viscosity of the fluid, respectively. In the case of batch-type gravity filtration, 12 

the pressure drop across the filter is given as: 13 

 14 

   )/( 0 SVhgP            (2) 15 

 16 

where, S is the cross-sectional area of the filtration apparatus, h0 is the initial 17 

height of the suspension,  is the density of suspension, and g is the gravitational 18 

acceleration, respectively. The total filtration resistance (R) is the sum of the 19 

cake resistance (Rc) and the filter medium resistance (Rm). Thus, Equation (1) is 20 

written as: 21 

 22 
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












       (3) 1 

 2 

   The filter medium resistance is usually considered to be a constant for a 3 

given medium. As for the cake resistance in our study, the diatomite particles 4 

were settled on the filter medium before the filtration, and the mass of the cake 5 

was constant through the filtration process. By assuming that the cake is 6 

incompressible, the cake resistance can also be considered to be constant for 7 

each run of the filtration experiments. Thus, by integrating Equation (3) 8 

assuming that Rc and Rm are constant, the following equation is obtained: 9 

 10 

   











VSh

Sh
RRt

S

gA
mc

0

0ln)(



 11 

   











VV

V
RR

T

T
mc ln)(         (4) 12 

 13 

where VT is the total volume of the diatomite suspension (150 mL). According to 14 

Equation (4), the plot of the gAt/S vs. ln[(VT/(VT – V)] gives a straight line 15 

through the origin, and the total filtration resistance (R = Rc + Rm) can be 16 

obtained from the slope value of the line. The cake resistance (Rc) was obtained 17 

by subtracting the filter medium resistance from the total filtration resistance. 18 

The cake resistance can be expressed by the following equation assuming that 19 

the cake is incompressible: 20 

 21 
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A

CV
RRR T

mc


          (5) 1 

 2 

where,  is the specific cake resistance and C is the solids concentration in the 3 

suspension, respectively. Consequently, the specific cake resistance can be 4 

obtained from Equation (5). 5 

6 
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RESULTS AND DISCUSSION 1 

 2 

Determination of specific cake resistance 3 

 4 

   The filter medium 5 

resistance (Rm) was 6 

determined from the flow 7 

rate of distilled water 8 

through the filter medium. In 9 

the case of the filtration of 10 

distilled water, the cake 11 

resistance can be set to zero. 12 

Thus, the slope of the line 13 

obtained from the plot of 14 

Equation (4) gives the value 15 

of Rm. The value of Rm was 16 

found to be 7.55 × 10
8
 m

–1
 17 

for the filter paper used in 18 

this study. The plot of 19 

Equation (4) showed a good 20 

linear relationship with a correlation factor of 0.997 (data were not shown).  21 

ln[VT/(VT - V)] [-]

Figure 2 Determination of total filtration resistance, R, by

fitting of the data to Equation (4) for (a) diatomite and (b) kaolin.

The concentration of the particles was 20 kg/m3. The value of

the slope for the regression line (straight line) of the data

corresponds to the total filtration resistance.
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   The linear equation represented by Equation (4) was applied to the 1 

experimental data to determine the total filtration resistance. The typical results 2 

were presented in Figure 2. The data used in Figure 2 were obtained from the 3 

gravity filtration experiments conducted at a diatomite concentration of 5.0 4 

kg/m
3
. The dosages of EtSP were 0.5 - 3.0 wt.% of diatomite and kaolin. The 5 

unit of wt.% corresponds to the percentage of the mass of flocculant added per 6 

unit mass of particles. The results showed good linear relationships with 7 

correlation coefficients greater than 0.995, thus, the total filtration resistance 8 

could be obtained from the slope of each line. 9 

 10 

Effect of suspended particle 11 

concentration 12 

 13 

   Figure 3 shows the effect 14 

of the suspended particle 15 

concentration on the total 16 

filtration resistance at different 17 

dosages of EtSP. The dosage 18 

was expressed as the 19 

percentage of EtSP relative to 20 

particles on a dry weight basis. 21 

The total filtration resistance at 22 

the suspended particle 23 

0 5 10 15 20 25 30 35 40

0

0.5
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Figure 3 Effect of particle concentration on the total filtration

resistance, R, at different EtSP dosages for (a) diatomite and (b)

kaolin. The symbol in Figure 3b is same as Figure 3a.

(b) kaolin
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concentration of 0 kg/m
3
 1 

corresponds to the filter medium 2 

resistance, Rm (7.55 × 10
8
 m

–1
). 3 

The filter medium resistance 4 

was much smaller than the total 5 

filtration resistance in the 6 

presence of diatomite or kaolin. 7 

The total filtration resistance 8 

increased proportionally with 9 

the increase in the diatomite 10 

concentration. Assuming that 11 

the cake is incompressible, the thickness of the cake increases proportionally 12 

with the mass of diatomite settled on the filter medium. Thus, it is considered 13 

reasonable that the cake resistance increased proportionally with diatomite 14 

concentration. In the case of diatomite, the total filtration resistance increased 15 

proportionally with the increase in the diatomite concentration or the mass of 16 

diatomite. In this study, almost all of the suspended particles are settled on the 17 

filter before the filtration. So, when the cake is incompressible, the thickness of 18 

the cake should proportionally increase with the mass of the suspended particle 19 

or the mass of sediment on the filter. Thus, it is considered reasonable that the 20 

total filtration resistance proportionally increases with the concentration of 21 

suspended particles. On the other hand, in the case of kaolin, expect for 0.5 22 

wt.%, the value of R became almost constant at the higher dosage (1.0-3.0 23 

0
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Figure 4 Effect of particle concentration, C, on the cake

thickness for diatomite (open circle) and kaolin (solid circle).

Dosage of EtSP was 1.5 wt.% of both the particles.
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wt.%).  1 

   Figure 4 shows the cake thickness 2 

as a function of particle concentration. 3 

The EtSP dosage was 1.5 wt.% of 4 

each particle. The cake thickness 5 

increased proportionally with particle 6 

concentration. Judging from the 7 

results, the cakes of both particle floc 8 

formed by EtSP were considered to be 9 

incompressible. 10 

   Figure 5 shows the effect of 11 

suspended particle concentration on the specific cake resistance, , at different 12 

EtSP dosages. The specific cake resistance was determined from Equation (5). 13 

As expected the  value deceased as the void volume in the cake was larger. In 14 

the absence of EtSP, the specific cake resistances were almost constant at the 15 

particle concentrations of 5.0 – 30.0 kg/m
3
. The average value of specific cake 16 

resistances of diatomite and kaolin were 1.03×10
11

 and 4.05×10
10

 m/kg, 17 

respectively. At the same dosage of EtSP, the specific cake resistances were 18 

almost constant at the particle concentration higher than 15 kg/m
3
 for diatomite 19 

and kaolin, respectively. The specific cake resistances of diatomite and kaolin at 20 

15 kg/m
3
 were significantly reduced from 1.03×10

11
 to 0.12×10

11
 m/kg and from 21 

4.05×10
10

 to 0.79×10
10

 m/kg by the addition of 1.0 wt.% of EtSP, respectively. 22 

In other words, according to Equation (3), the filtration rate was increased about 23 
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resistance, , at different EtSP dosages for (a) diatomite and (b)

kaolin. The symbol in Figure 5b is same as Figure 5a.
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ten times for diatomite and 1 

about five times for kaolin by 2 

the addition of EtSP. 3 

 4 

Effect of flocculant dosage 5 

 6 

   Figure 6 shows the effect 7 

of EtSP dosage on the specific 8 

cake resistance at different 9 

particle concentrations. The 10 

specific cake resistance of 11 

both particles was significantly 12 

decreased by the addition of 13 

0.5 wt.% of EtSP. At the same 14 

particle concentration, the specific cake resistances were almost constant at the 15 

EtSP dosages of 1.0–2.5 wt.%. The specific cake resistances at 15–30 kg/m
3
 16 

were almost the same at the EtSP dosages of 0.5–2.0 wt.% for both particles. 17 

   In visual observation, large flocs were formed in the flocculation process by 18 

adding EtSP before the filtration process. EtSP should be considered as 19 

macromolecular and polyvalent flocculant. These flocculants are known to 20 

bridge between particles by chemical binding forces and to form large flocs 21 

having high settling velocities. Ruehrwein and Ward (1952) first proposed the 22 

basic principle of bridging flocculation in 1952, presenting a model in which a 23 
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Figure 6 Influences of EtSP dosage and particle concentration,

C, on the specific cake resistance, , for (a) diatomite and (b)

kaolin.
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single polymer chain was 1 

bridging between two or more 2 

particles. Some more vigorous 3 

studies about bridging 4 

flocculation have been 5 

developed (Smellie and La 6 

Mer, 1958; Healy and La Mer, 7 

1964; La Mer, 1966; Fleer and 8 

Lyklema, 1974; Gregory, 9 

1988; Biggs et al. 2000; 10 

Nyström et al. 2003). The 11 

flocculation mechanism in the 12 

present study could be 13 

bridging flocculation. 14 

 15 

Comparison of the efficiency of EtSP with chitosan and PAC 16 

 17 

   In Figure 7, the specific resistances of cakes formed by EtSP, chitosan, and 18 

PAC are compared as a function of flocculant dosage. In the case of PAC, no 19 

significant improvement in the specific cake resistance was observed for both 20 

particles. The average of the specific cake resistances of diatom and kaolin at the 21 

dosages of 1.0–3.0 wt.% were 7.87×10
10

 and 5.45×10
9
 m/kg, respectively. The 22 

specific resistances of cakes formed by EtSP were almost lower than those 23 
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Figure 7 Comparison of the specific cake resistances, , of (a)

diatomite and (b) kaolin flocs formed by EtSP (circle), chitosan

(square) and PAC (triangle) as a function of flocculant dosage.

The particle concentration is 20 g/L.
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formed by chitosan and PAC for diatomite and kaolin. As seen in Figure 7a, the 1 

abrupt increase in  of diatomite adding chitosan at 2.0 kg/m
3
 might be caused 2 

by becoming viscous in the suspension. As a result, EtSP is found the be the 3 

most effective flocculant in comparison with chitosan and PAC in the present 4 

experimental range. 5 

   Wei et al. (2018) summarized the dewatering performance of practical 6 

sludge by using several kinds of flocculants, thus, inorganic salt, organic 7 

synthetic polymeric, natural polymeric, and so on. Specific resistance to 8 

filtration (SRF) was employed to evaluate optimum conditions in each 9 

dewatering process. The magnitude of these values was mostly ranged in 10
12

 – 10 

10
13

 m/kg, which were somewhat larger value than the values shown in the 11 

present study although simple comparison might be inadequate because the 12 

objective suspension is not the same one.  13 

   In most studies on bioflocculants, especially extracellular or intracellular 14 

produced substances, flocculation ability was estimated by clarification of 15 

turbidity (Fujita et al. 2000; Shih et al. 2001; Krentz et al. 2006; Chen et al. 16 

2011). Some investigators have reported dewatering performances of 17 

bioflocculants by using practical sludge. A few studies have dealt with 18 

evaluating biodegradable flocculants’ ability as a filter aids by the specific 19 

resistance as the evaluation parameter. Mohtar et al. (2019) recently reported 20 

flocculation kinetics and dewatering by using a bioflocculant, which is 21 

quaternized cellulose derived from oil palm empty fruit bunches (q-EFBC) and 22 

evaluated the specific resistance to filtration (SRF) with kaolin suspension. They 23 
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reported that the optimum dosage was 62.5 mg/L and the value of SRF was 1.49 1 

10
10

 kg/m, which corresponded to ca. 34 % of SRF at the blank. The dosage 2 

could be translated 4.4 wt.% according to their experimental conditions. The 3 

degree of decrease in the specific cake resistance by adding flocculant in the 4 

present study is larger and the optimum dosage in the present study is lower than 5 

their values, however, the comparison might be difficult because Mohtar el at. 6 

(2019) used kaolin as a model suspension and the difference in particles and 7 

each experimental condition should affect the value of the specific resistance. 8 

9 
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CONCLUSION 1 

 2 

   The effect of soy protein-based bioflocculant, EtSP, on the flocculation 3 

filtration of diatomite and kaolin suspensions was examined. Both particles were 4 

flocculated and settled on the filter medium to form the cake layer. Then the 5 

clear liquid phase was filtered through the cake layer of flocculated diatomite 6 

and kaolin particles. 7 

   The experimental data followed the modified Darcy's equation very well. 8 

The total filtration resistance, the filter medium resistance, and specific cake 9 

resistance were obtained from the data analysis. The cake thickness and the cake 10 

resistance of both particle flocs formed by EtSP increased proportionally with 11 

the increase of diatomite. Thus, the cake of diatomite and kaolin flocs formed by 12 

EtSP was considered to be incompressible. In the absence of flocculant, the 13 

specific cake resistance of diatomite and kaolin were 1.01×10
11

 m/kg and 14 

5.11×10
10

 m/kg, respectively. The specific cake resistance significantly reduced 15 

to ca. 8.9×10
9
 m/kg and 6.6×10

9
 m/kg for diatomite and kaolin by the addition 16 

of 1.0 wt.% of EtSP. 17 

   The performance of EtSP as the filter aid was compared with a well-known 18 

bioflocculant chitosan and a widely used commercial flocculant, polyaluminum 19 

chloride (PAC) in terms of the specific cake resistance. The specific resistances 20 

of cakes formed by EtSP and chitosan were much lower than those formed by 21 

PAC. In the case of diatomite, the specific resistances of cakes formed by EtSP 22 

were almost the same as those formed by chitosan at the dosages of 1.0–2.0 23 
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wt.%. However, at the dosages of 2.5 and 3.0 wt.%, the specific resistances of 1 

cakes formed by EtSP were lower than those formed by chitosan. In the case of 2 

kaolin, the specific cake resistance was mostly lower than those formed by 3 

chitosan and PAC in the dosage range of 1.0-3.0 wt.%. 4 

   From a practical point of view, the scale-up of this process should be 5 

important. In scale up, especially the mixing and the agitation parameters would 6 

play an important role in the flocculation process before the filter process. In a 7 

further study, it would be necessary to reveal the influences of the stirring and 8 

the mixing on the filtration efficiency and the specific cake resistance in the 9 

flocculation filtration process. 10 

   In further study we will conduct flocculation and filtration experiments with 11 

a real wastewater by using EtSP. 12 

13 
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NOMENCLATURE 1 

 2 

A = filtration area        [m
2
] 3 

V = filtrate volume        [m
3
] 4 

t = time              [min] 5 

P = pressure drop across filter       [Pa] 6 

R = total filtrate resistance      [m
– 1

] 7 

Rc = cake resistance       [m
– 1

] 8 

Rm = medium resistance       [m
– 1

] 9 

S = cross sectional area of filtration apparatus     [m
2
] 10 

h0 = initial height of suspension       [ m ] 11 

g = gravitational acceleration        [m/min
2
] 12 

VT = total volume of suspension       [m
3
] 13 

C = solid concentration in suspension        [kg/m
3
] 14 

 = specific cake resistance          [m/kg] 15 

 = viscosity of the fluid       [kg/(m s)] 16 

 = density of suspension         [kg/m
3
] 17 

18 



25 

 

REFERENCES 1 

 2 

Barcelo’, J. & Poschenrieder, C. 2002 Fast root growth responses, root exudates, 3 

and internal detoxification as clues to the mechanisms of aluminium toxicity 4 

and resistance: a review. Environ. Exp. Bot. 48, 75-92. 5 

https://doi.org/10.1016/S0098-8472(02)00013-8 6 

Biggs, S., Habgood, M., Jameson, G.J., Yan, Y. 2000 Aggregate structures 7 

formed via a bridging flocculation mechanism. Chem. Eng. J. 80, 13-22. 8 

https://doi.org/10.1016/S1383-5866(00)00072-1 9 

Bolto, B. & Gregory, J. 2007 Organic polyelectrolytes in water treatment. Water 10 

Res. 41, 2301-2324. http://dx.doi.org/10.1016/j.watres.2007.03.012 11 

Chen, L., Li, T., Guan, L., Zhou, Y., Li, P. 2011 Flocculating acitivities of 12 

polysaccharides released from the marine mat-forming cyanobacteria 13 

Microcoleus Lyngbya. Aquat. Biol. 11, 243-248. 14 

https://doi.org/10.3354/ab00309 15 

Dearfield, K.L., Abernathy, C.O., Ottley, M.S., Brantner, J.H., Hayes, P.F. 1988 16 

Acrylamide: its metabolism, developmental and reproductive effects, 17 

genotoxicity, and carcinogenicity. Mutat. Res. 195, 45-77. 18 

https://doi.org/10.1016/0165-1110(88)90015-2 19 

Ebeling, J.M., Sibrell, P.L., Ogden, S.R., Summerfelt, S.T. 2003 Evaluation of 20 

chemical coagulation/flocculation aids for the removal of suspended solids 21 

and phosphorus from intensive recirculating aquaculture effluent discharge. 22 

Aquac. Eng. 29, 23-42. hppts://doi.org/10.1016/S0144-8609(03)00029-3 23 



26 

 

Fiksdal, L. & Leiknes, T. 2006 The effect of coagulation with MF/UF membrane 1 

filtration for the removal of virus in drinking water. J. Membr. Sci. 279, 2 

364-371. https://doi.org/10.1016/j.memsci.2005.12.023 3 

Fleer, G.J. & Lyklema, J. 1974 Polymer adsorption and its effect on the stability 4 

of hydrophobic colloids. II. The flocculation process as studied with the 5 

silver iodide-polyvinyl alcohol system. J. Colloid Interface Sci. 46, 1-12. 6 

https://doi.org/10.1016/0021-9797(74)90018-6 7 

Fraenkel-Conrat, H. & Olcott, H.S. 1945 Esterification of proteins with alcohols 8 

of low molecular weight. J. Biol. Chem. 161, 259-268. 9 

http://www.jbc.org/content/161/1/259.citation 10 

Fujita, M., Ike, M., Tachibana, S. , Kitada, G., Kim, S.M., Inoue, Z. 2000 11 

Characterization of a bioflocculant produced by Citrobacter sp. TKF04 from 12 

acetic acid and propionic acids. J. Biosci. Bioeng. 89, 40-46. 13 

https://doi.org/10.1016/S1389-1723(00)88048-2 14 

Gregory, J. 1988 Polymer adsorption and flocculation in sheared suspensions. 15 

Colloids Surf. 31, 231-253. https://doi.org/10.1016/S1389-1723(00)88048-2 16 

Guerdat, T.C., Losordo, T.M., DeLong, D.P., Jones, R.D. 2013 An evaluation of 17 

solid waste capture from recirculating aquaculture systems using a 18 

geotextile bag system with a flocculant-aid. Aquac. Eng. 54, 1-8. 19 

https://doi.org/10.1016/j.aquaeng.2012.10.001 20 

Hasegawa, R., Naitoh, K., Kawasaki, Y., Aida, Y., Momma, J., Saitoh, M., 21 

Nakaji, Y., Kurokawa, Y. 1990 Acute and subacute toxicity studies on 22 

2,3-dichloropropionic acid and chlorinated polyacrylamide in rats. Water 23 



27 

 

Res. 24, 661-666. https://doi.org/10.1016/0043-1354(90)90200-P 1 

He, N., Li, Y., Chen, J. 2004 Production of a novel polygalacturonic acid 2 

bioflocculant REA-11 by Corynebacterium glutamicum. Bioresour. Technol. 3 

94, 99-105. https://doi.org/10.1016/j.biortech.2003.11.013 4 

Healy, T.W. & La Mer, V.K. 1964 The energetics of flocculation and 5 

redispersion by polymers. J. Colloid Sci. 19, 323-332. 6 

https://doi.org/10.1016/0095-8522(64)90034-0 7 

Jeong, S. & Vigneswaran, S. 2013 Assessment of biological activity in contact 8 

flocculation filtration used as a pretreatment in seawater desalination. Chem. 9 

Eng. J. 228, 976-983. http://doi.org/10.1016/j.cej.2013.05.085 10 

Ji, J., Qiu, J., Wong, F. Li, Y. 2008 Enhancement of filterability in MBR 11 

achieved by improvement of supernatant and floc characteristics via filter 12 

aids addition. Water Res. 42, 3611-3622. 13 

http://doi.org/10.1016/j.watres.2008.05.022 14 

Johir, A.H., Khorshed, C., Vigneswaran, S., Shon, H.K. 2009 In-line 15 

flocculation–filtration as pre-treatment to reverse osmosis desalination. 16 

Desalination 247, 85-93. https://doi.org/10.1016/j.desal.2008.12.015 17 

Jones, D.L. & Kochian, L.V. 1995 Aluminum inhibition of the inositol 18 

1,4,5-trisphosphate signal transduction pathway in wheat roots: a role in 19 

aluminum toxicity?. Plant Cell 7, 1913-1922. 20 

https://doi.org/10.1105/tpc.7.11.1913 21 

Khouni, I., Louhichi, G., Ghrabi, A., Moulin, P. 2020 Efficiency of a 22 

cuagulation/flocculation-membrane filtration hybrid process for the 23 



28 

 

treatment of vegetable oil refinery wastewater for safe reuse and recovery. 1 

Process Saf. Environ. 135, 323-341. 2 

https://doi.org/10.1016/j.psep.2020.01.004 3 

Krentz, D.O., Lohmanna, C., Schwarzb, S. Bratskaya, S., Liebert, T., Laube, J., 4 

Heinzed, T., Kulicke, W.M. 2006 Properties and flocculation efficiency of 5 

highly cationized starch derivatives. Starch 58, 161-169. 6 

https://doi.org/10.1002/star.200500431 7 

La Mer, V.K. 1966 Filtration of colloidal dispersions flocculated by anionic and 8 

cationic polyelectrolytes. Discuss. Faraday 42, 248-254. 9 

https://doi.org/10.1039/DF9664200248 10 

le Roux, I., Krieg, H.M., Yeates, C.A., Breytenbach, J.C. 2005 Use of chitosan 11 

as an antifouling agent in a membrane bioreactor. J. Membr. Sci. 248, 12 

127-136. https://doi.org/10.1016/j.memsci.2004.10.005 13 

Liu, X., Seki, H., Maruyama, H. 2012 Flocculation of kaolin and kanto loam by 14 

methylated soy protein. Sep. Purif. Technol. 93, 1-7. 15 

https://doi.org/10.1016/j.seppur.2012.03.035 16 

Mohtar, S.S., Saman, N., Noor, A.M.Md., Tengku Malim Busu, T.N.Z., Yusoff, 17 

N.A., Mat, H. 2019 Flocculation kinetics and dewatering studies of 18 

quaternized cellulose derived from oil palm empty fruit bunches. Korean J. 19 

Chem. Eng. 36, 669-677. https://doi.org/10.1007/s11814-019-0250-x 20 

Nishi, L., Vieira, A.M.S, Vieira, M.F., Silva, G.F. 2012 Application of hybrid 21 

process of cuagulation/flocculation and membrane filtration for the removal 22 

of protozoan parasites from water. Procedia Eng. 42, 148-160. 23 



29 

 

http://doi.org/10.1016/j.proeng.2012.07.405 1 

Nyström, R.S., Rosenholm, J.B., Nurmi, K. 2003 Flocculation of semidilute 2 

calcite dispersions induced by anionic sodium polyacrylate-cationic starch 3 

complexes. Langmuir 19, 3981-3986. https://doi.org/10.1021/la034037j 4 

Qi, Y., Thapa, K.B., Hoadley, A.F.A. 2011 Benefit of lignite as a filter aid for 5 

dewatering of digested sewage sludge demonstrated in pilot scale trials. 6 

Chem. Eng. J. 166, 504-510. https://doi.org/10.1016/j.cej.2010.11.003 7 

Ruehrwein, R.A. & Ward, D.W. 1952 Mechanism of clay aggregation, by 8 

polyelectrolytes. Soil Sci. 73, 485-492. 9 

https://doi.org/10.1097/00010694-195206000-00007 10 

Seki, H. & Suzuki, A. 2003 Flocculation of diatomite by methylated egg 11 

albumin. J. Colloid Interface Sci. 263, 42-46. 12 

https://doi.org/10.1016/S0021-9797(03)00288-1 13 

Seki, H., Suzuki, A., Shinguh, M., Maruyama, H. 2004 Flocculation of diatomite 14 

by methylated milk casein in seawater. J. Colloid Interface Sci. 270, 15 

359-363. https://doi.org/10.1016/j.jcis.2003.09.025 16 

Seki, H., Hirai, E., Shoji, Y., Maruyama, H. 2009 Flocculation of diatomite by 17 

ethylesterified hen egg albumin. Kagaku Kogaku Ronbunshu 35, 66-69. 18 

https://doi.org/10.1252/kakoronbunshu.35.66 19 

Seki, H., Maruyama, H., Shoji, Y. 2010 Flocculation of diatomite by a soy 20 

protein-based bioflocculant. Biochem. Eng. J. 51, 14-18. 21 

https://doi.org/10.1016/j.bej.2010.04.009 22 

Sharrer, M.J., Rishel, K., Summerfelt, S. 2009 Evaluation of geotextile filtration 23 



30 

 

applying coagulant and flocculant amendments for aquaculture biosolids 1 

dewatering and phosphorus removal. Aquac. Eng. 40, 1-10. 2 

https://doi.org/10.1016/j.aquaeng.2008.10.001 3 

Shih, I.L., Van, Y.T., Yeh, L.C., Lin, H.G., Chang, Y.N. 2001 Production of a 4 

biopolymer flocculant from Bacillus licheniformis and its flocculation 5 

properties. Bioresour. Technol. 78, 267-272. 6 

https://doi.org/10.1016/s0960-8524(01)00027-x 7 

Smellie, R.H. & La Mer, V.K. 1958 Flocculation, subsidence and filtration of 8 

phosphate slimes: VI. A quantitative theory of filtration of flocculated 9 

suspensions. J. Colloid Sci. 13, 589-559. 10 

https://doi.org/10.1016/0095-8522(58)90071-0 11 

Tao, D., Groppo, J.G., Parekh, B.K. 2000 Enhanced ultrafine coal dewatering 12 

using flocculation filtration process. Minerals Eng. 13, 163-171. 13 

https://doi.org/10.1016/S0892-6875(99)00162-4 14 

Wei, H., Gao, B., Ren, J., Li, A., Yang, H. 2018 Coagulation/flocculation in 15 

dewaterring of sludge: A review. Water Res. 143, 608-631. 16 

https://doi.org/10.1016/j.watres.2018.07.029 17 

Wu, J., Chen, F., Huang, X., Geng, W., Wen, X. 2006 Using inorganic 18 

coagulants to control membrane fouling in a submerged membrane 19 

bioreactor. Desalination 197, 124-136. 20 

https://doi.org/10.1016/j.desal.2005.11.026 21 

Yang, R., Li, H., Huang, M., yang, H., Li, A. 2016 A review on chitosan-based 22 

flocculants and their applications in water treatment. Water Res. 95, 59-89. 23 



31 

 

https://doi.org/10.1016/j.watres.2016.02.068 1 

Yoon, S.H., Collins, J.H., Musale, D., Sundararajan, S., Tsai, S.P., Hallsby, G.A., 2 

Kong, J.F., Koppes, J., Cachia, P. 2005 Effects of flux enhancing polymer 3 

on the characteristics of sludge in membrane bioreactor process. Wat. Sci. 4 

Technol. 51, 151-157. https://doi.org/10.2166/wst.2005.0633 5 

Zouboulis, A. & Katsoyiannis, I. 2002 Removal of arsenates from contaminated 6 

water by coagulation-direct filtration. Sep. Sci. Technol. 37, 2859-2873. 7 

https://doi.org/10.1081/SS-120005470 8 

9 



32 

 

Figure captions 1 

Figure 1   Schematic drawing of the experimental setup for flocculation 2 

filtration system. 3 

 4 

Figure 2   Determination of total filtration resistance, R, by fitting of the data 5 

to Equation (4) for (a) diatomite and (b) kaolin. The concentration of the 6 

particles was 20 kg/m
3
. The value of the slope for the regression line (straight 7 

line) of the data corresponds to the total filtration resistance. 8 

 9 

Figure 3   Effect of particle concentration on the total filtration resistance, R, 10 

at different EtSP dosages for (a) diatomite and (b) kaolin. The symbol in Figure 11 

3b is same as Figure 3a. 12 

 13 

Figure 4   Effect of particle concentration, C, on the cake thickness for 14 

diatomite (open circle) and kaolin (solid circle). Dosage of EtSP was 1.5 wt.% 15 

of both the particles. 16 

 17 

Figure 5   Effect of diatomite concentration on the specific cake resistance, , 18 

at different EtSP dosages for (a) diatomite and (b) kaolin. The symbol in Figure 19 

5b is same as Figure 5a. 20 

 21 

Figure 6   Influences of EtSP dosage and particle concentration, C, on the 22 

specific cake resistance, , for (a) diatomite and (b) kaolin. 23 
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 1 

Figure 7   Comparison of the specific cake resistances, , of (a) diatomite and 2 

(b) kaolin flocs formed by EtSP (circle), chitosan (square) and PAC (triangle) as 3 

a function of flocculant dosage. The particle concentration is 20 g/L. 4 


