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Abstract: This study was conducted using alginate-rhamnolipid (Alg-Rh) solutions on copper ions 

(Cu2+) as an application of coagulation with aluminum sulfate (Al2(SO4)3). The results show that 

solid phases were rapidly formed as an output of the reaction between Alg-Rh and Al2(SO4)3. It 

could be considered that the Al2(SO4)3 concentration and the existence of Cu2+ have an impact on 

forming hard coagulation, in that the total volume has been increased with increasing Al2(SO4)3 and 

the existence of Cu2+. The number of ions of aluminum (Al3+) and sulfate (SO42−) were also increased 

with Al2(SO4)3. The efficiency of Cu2+ removal was constant above 75.0%, hence the average value 

was 76.8%. 
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1. Introduction 

Water is one of the most important resources in the world. It is already known that 71% of the 

Earth’s surface is covered with water and only 2.5% of it is freshwater [1]. Nowadays, seawater has 

been found to be converted to freshwater, but freshwater is still an important resource for living 

organisms, including humans [2,3]. Despite such an important resource, water pollution has been 

induced by a variety of contaminants, such as heavy metals and organic pollutants [4–7]. In 

particular, the pollution by heavy metals has been increasing with the development of industry, and 

it has already been proved that a high concentration of heavy metals has a dangerous impact on living 

organisms and the environment as hazardous materials [8–10]. It can be accumulated in living 

organisms and inhibit their metabolism to the point of death [11,12]. Accordingly, water treatment 

has been essentially required, in that water quality should be improved for water resource 

recirculation in conditions of limited water resources. Moreover, the treatment of wastewater that 

contains solid material should include a separation process. Recently, various wastewater treatment 

technologies have been developed using biological, chemical, and physical methods but we have yet 

to develop high-efficiency remediation technology [13–15]. 

Alginate has been mainly used to form a capsulated medicine as a raw material to be connected 

with divalent ions for its special property [16]. This novel property makes it possible for various 

applications such as coagulation to remove heavy metals [17]. Rhamnololipids, a biosurfactant, also 

have proved their novel property to remediate heavy metals [18–21]. Both materials are bio-derived 
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and have relatively long chains [22,23]. Their combined properties and longer molecular chain would 

be expected to improve the efficiency of solid/liquid separation and heavy metal removal. 

In view of the above, Alg-Rh complexes would form a longer chain than a simple alginate or 

rhamnolipid molecule. This molecular structure can coagulate with heavy metals as a long polymer 

by connecting together. Heavy metals are usually divalent ions or trivalent ions, and they are 

substituted with more than two sodium ions of sodium alginate to form a relatively round shape. 

Moreover, adding aluminum ions makes it more aggregated as supporting strong flocculation. The 

solid phase would form only one mass, and the mass does not tend to be fluid. Therefore, it would 

be much easier to separate the solid phase with a liquid phase. 

Herein, we would like to suggest the possibility of using Alg-Rh complexes as a green coagulant 

for heavy metals and improve their efficiency for solid and liquid separation. Moreover, the water 

removing heavy metals would be investigated for characterization as a preliminary study. 

2. Materials and Methods 

2.1. Materials 

Sodium alginate was supplied by Junsei Chemical Co., Ltd. (Tokyo, Japan), and the 

rhamnolipids (R90–100G) were purchased from AGAE Technologies (Corvallis, Oregon, USA). 

Additionally, copper standards (Kanto Chemical Co., Inc., Tokyo, Japan) were adjusted to make a 

100 mg/L copper solution. A small amount of nitric acid (504–756 mg/L) is contained in the standard 

solution (980–1020 mg/L). Aluminum sulfate from Kanto Chemical Co., Inc., Tokyo, Japan, was also 

used as a coagulant. 

2.2. Experimental Methods 

Alginate solution (4% w/v) was mixed with a rhamanolipid solution (0.1% w/v) at 80 °C for 2 h, 

and then a copper standards solution was put into the mixture (Figure 1) [24–27]. A small amount of 

copper standard solution, 5 mL of 100 mg/L, was adopted for this preliminary study. To identify the 

effects of heavy metal in the mixture, samples have been also made without Cu2+. Aluminum sulfate 

(Al2(SO4)3) solution at 0.1%, 0.3%, and 0.5% w/v of total volume was added as an additive to support 

coagulation. All the experiments for coagulation were conducted in 250 mL glass beakers. Then, a 

mass wrapped in a thin layer was formed and the liquid phase (water) was separated from the solid 

phase by gravity. The final step in this experiment is filtering the water using a 0.45 μm acrylic-based 

filter. 

2.3. Analysis 

After the reaction, the samples were analyzed using ion chromatography (Dionex™ Aquion™ 

Ion Chromatography (IC) System, Thermo Fisher scientific, Waltham, MA, USA) to investigate the 

sulfate ions. An inductively coupled plasma optical emission spectrometer (ICP/OES) (Optima 

7300DV, Perkin Elmer, Waltham, MA, USA) was also used for Cu2+ and Al3+. The total organic carbon 

(TOC) was determined using a UV-vis spectrophotometer (DR-5000, Hach, Loveland, CO, USA), 

followed by US EPA (United States Environmental Protection Agency) methods (method 10129). 
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Figure 1. Schematic diagram of the experimental flow. 

3. Results and Discussion 

3.1. Characterization of the Purified Water 

Several distinct characteristics of the purified water will be discussed in detail. As explained 

above, the water has been separated from the formed mass, the solid phase, by gravity. The mass 

shows a different degree of rigidity with different concentrations of the coagulant (Figure 2). The 

pressure generated in the separation process causes the formed mass to break and the liquid contents 

wrapped in a thin layer to flow out. Eventually, the separation process could no longer proceed. In 

the case of the busted sample, the obtained water contained lots of organic matter and heavy metals 

that flowed out from the mass. Therefore, the samples were excluded from the exact analysis. Figure 

2a shows that the liquid in the mass spilled into the water because of the weak bond of the mass 

surface. The sample without Cu2+ was observed to be busted easily compared to the other samples. 

The sample with 0.1% Al2(SO4)3 and Cu2+ made two separated phases which are not distinguishable 

in macroscopic view. However, the sticky liquid wrapped in the thin layer has been discovered to be 

separated (Figure 2b). In the case of Figure 2c, a remarkable change in the solid phase has been shown. 

The liquid in the mass has a sticky property because of the alginate and it makes lots of small bubbles 

inside the layer. The liquid has not been observed to be spilled to the water. The samples with 0.3% 

and 0.5% Al2(SO4)3 solution are comparatively hard (Figure 2d). The image was taken in tilted form 

for a more distinctive change from the others. The separated water was observed to be very 

transparent. 
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Figure 2. The difference depending on the Cu2+ and Al2(SO4)3 concentrations ((a) 0.1% (Al2(SO4)3) 

without Cu2+, (b) 0.1% Al2(SO4)3 with Cu2+, (c) 0.3% Al2(SO4)3 with Cu2+, (d) 0.5% Al2(SO4)3 with Cu2+, 

(e) the solid phase after separation). 

Figure 3 shows the different volume of the liquid phase depending on samples which have 

different Cu2+ and Al2(SO4)3 concentrations. The sample without Cu2+ shows the smallest total volume 

because it is difficult to separate the water without bursting the mass. The total volume of the samples 

with Cu2+ has been increased with increasing Al2(SO4)3, and the obtained volume remained stable 

from 0.2% Al2(SO4)3 sample. It would be considered that Cu2+ also has an impact on coagulation 

behavior. Divalent ions have already proved their property to substitute two sodium ions in alginate 

since they have been discovered [28]. 

TOC contents are also distinctive features in this experiment. Alginate and rhamnolipids have 

many carbons on their own, so it can be an important indicator of the remediation degree of the Alg-

Rh complexes. As shown in Table 1, the highest TOC contents were observed in sample 1. The results 

indicate that Cu2+ works as another coagulant with Al2(SO4)3. The bond of Al3+ or Cu2+ with alginate 

has been proved [29–31]. As Al3+ and Cu2+ ions gather the alginate and rhamnolipid more tightly, 

carbon would not be spilled out of the mass to liquid phase. 

The concentration of sulfate ions (SO42−) has been detected as a dominant material. The existence 

of Cu2+ played an important role, in that the SO42− concentration in sample 1 was 1.43 times higher. 

This indicates that Cu2+, the only controlled factor, is an important substance to support coagulation. 

The higher effects would be expected with higher contents of heavy metals inside the Alg-Rh 

solution. Not only Cu2+ but also other heavy metals with a strong ionic strength could be applied to 

this study. Except for sample 1, this is an increasing tendency among the samples. In comparison 

with sample 2, sample 3 and 4 have 3.39 and 5.71 times higher in SO42− concentrations. Higher 

Al2(SO4)3 shows higher sulfate ions. We can assume that Al3+ would react more extremely at higher 

Al2(SO4)3 contents, suggesting a higher efficiency. 
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Figure 3. Total volume obtained from experiments in this research (1: 0.1% (Al2(SO4)3) with Cu2+, 2: 

0.1% (Al2(SO4)3) with Cu2+, 3: 0.3% (Al2(SO4)3) with Cu2+, 4: the solid phase after separation). 

Table 1. Characteristics of the liquid phase separated from the mixed phase with solid. 

Sample Number TOC (mg/L) SO42− (g/L) 

Sample 1 116.3 (±5.3) 2.244 (±0.190) 

Sample 2 32.00 (±2.5) 1.573 (±0.078) 

Sample 3 15.50 (±4.4) 5.340 (±0.184) 

Sample 4 14.17 (±2.0) 8.976 (±0.734) 

Sample 1: 0.1% Al2(SO4)3 without Cu2+, Sample 2: 0.1% Al2(SO4)3 with Cu2+, Sample 3: 0.3% Al2(SO4)3 

with Cu2+, Sample 4: 0.5% Al2(SO4)3 with Cu2+. 

3.2. Respective Correlation 

As explained above, the Alg-Rh solution has high contents of carbon, and the contents are closely 

related to the reaction with Al2(SO4)3. Therefore, the contents of Al3+, SO42−, and Cu2+ in the water are 

also expected to have a correlation with TOC as the result of the reaction. As shown in Figure 4, the 

sulfate ions have been increased with increasing Al2(SO4)3. This does not seem to have a correlation 

with TOC without Cu2+, in that there is not a dramatic change comparing the significant change in 

TOC between sample 1 and 2. With Cu2+, the concentrations have been increased in multiples, as 

explained above, not showing a specific relation with TOC. Indeed, the TOC contents of sample 2 

and 3 decreased 0.48 and 0.44 times compared to sample 1, contrary to the constantly increased SO42−. 

Al3+ concentrations also have been constantly increased similar to SO42− (Figure 5). A difference 

is that Al3+ was used to form coagulation as an effective coagulant, so the contents are definitely lower 

than those of SO42−. The concentrations are respectively remarked at 0.360, 0.236, 0.854, and 1.400 g/l. 

Compared to sample 1, more Al3+ in sample 2 is expected to react with the Alg-Rh solutions, detecting 

a lower Al3+ in sample 2. 
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Figure 4. Variation in TOC and SO42− depending on samples (Sample 1: 0.1% Al2(SO4)3 without Cu2+, 

Sample 2: 0.1% Al2(SO4)3 with Cu2+, Sample 3: 0.3% Al2(SO4)3 with Cu2+, Sample 4: 0.5% Al2(SO4)3 with 

Cu2+). 

 

Figure 5. Change in the TOC and Al3+ depending on sample (Sample 1: 0.1% (Al2(SO4)3) without Cu2+, 

Sample 2: 0.1% (Al2(SO4)3) with Cu2+, Sample 3: 0.3% (Al2(SO4)3) with Cu2+, Sample 4: 0.5% (Al2(SO4)3) 

with Cu2+). 

Figure 6 shows the Cu2+ concentrations with a change in Al2(SO4)3. This is not remarked at sample 

1 because Cu2+ was not put into sample 1. They are remarked at 23.150 (±1.485), 26.850 (±2.616), and 
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23.500 (±0.281) with sample 2, 3, and 4. Cu2+ in samples 2 and 4 are quite similar, but sample 2 has 

more or less high value compared to them. The standard deviation of sample 2 is high. This indicates 

that there is a possibility to get a similar value with sample 2 and 4 during repeated experiments. 

However, the values show quite constant values, even though the TOC contents were decreased. 

Therefore, it is considered that Cu2+ has an effect on improving the efficiency to coagulate the solution 

with Al3+, but the Al2(SO4)3 and TOC contents do not affect the Cu2+ removal. There would be high 

potential to remove not only copper but also other di- and trivalent ions. this indicates that a bridging 

effect would be expected using heavy metals as a bridge and then it results in heavy metal removal. 

Moreover, as shown, Al3+ has a large effect on the Cu2+ removal. With these results, other heavy metals 

in wastewater may successfully replace the role of Al3+. Therefore, it could be suggested that a variety 

of heavy metals in wastewater can be also removed at the same time. 

 

Figure 6. Change in TOC and Cu2+ depending on the sample (Sample 1: 0.1% Al2(SO4)3 without Cu2+, 

Sample 2: 0.1% Al2(SO4)3 with Cu2+, Sample 3: 0.3% Al2(SO4)3 with Cu2+, Sample 4: 0.5% Al2(SO4)3 with 

Cu2+). 

Each effect of the factors is explained using regression analysis and expressed in Table 2. As 

discussed above, decreasing TOC indicates that Alg-Rh complexes are combined with heavy metals, 

resulting in carbon being decreased in the samples. However, aluminum and sulfate ions are 

evaluated to have relatively little influence. This is considered because the Alg-Rh complexes are also 

combined with copper ions. 

Table 2. Regression analysis. 

Specification TOC SO42− Al3+ 

R2 0.948 0.840 0.859 

p value 0.004 0.094 0.089 

F value 0.026 0.262 0.245 

Note: R2 coefficient of determination; p < 0.05, indicating significant difference; F value, indicating the 

degree of statistical confidence. 
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3.3. Efficiency of Heavy Metal Removal 

Herein, the efficiency of Cu removal would be discussed as one of the important objectives to 

obtain clean water (Figure 7). As explained above, the Cu2+ contents were not extremely changed with 

the change in Al2(SO4)3 concentrations. The efficiency of Cu removal is also depicted similarly, 

respectively at 78.7, 75.3 and 76.5%. Most of the removed Cu2+ concentrations would be considered 

to react with Alg-Rh solutions and Al2(SO4)3. They are considered to be quite high amounts and 

deserve to be researched more in detail. Furthermore, a higher concentration of Cu2+ might have an 

impact on coagulation, and it also improves the efficiency to increase the Cu removal. As discussed 

above, other heavy metals with similar ionic states might be expected to have a similar role to that of 

Cu2+. There were not observed to be a dramatic effect depending on the concentration of aluminum 

sulfate. However, both the concentration and kind of heavy metals would affect the degree of heavy 

metal removal. Further studies about these factors would be needed. 

 

Figure 7. Removal efficiency change of Cu2+ in the liquid phase depending on the sample’s conditions 

(Sample 2: 0.1% Al2(SO4)3 with Cu2+, Sample 3: 0.3% (Al2(SO4)3) with Cu2+, Sample 4: 0.5% Al2(SO4)3 

with Cu2+). 

4. Conclusions 

In this research, we studied Alg-Rh solutions reacting with Al2(SO4)3 to remove Cu2+ by 

coagulation. The total volume of the liquid phase separated from the solid phase has been increased 

with the existence of Cu2+ and the concentration of Al2(SO4)3. Al3+ and SO42− have been also increased 

with the concentration of Al2(SO4)3. Furthermore, the efficiency of the Cu2+ removal constantly stayed 

above 75.0%. Therefore, this indicates that the existence of Cu2+ has an impact on tighter coagulation 

with Al2(SO4)3 but Al2(SO4)3 does not extremely affect removing Cu2+. This knowledge is worth 

applying to other heavy metals. More detailed studies should be researched about the effect of Cu2+ 

and Alg-Rh concentration changes. 
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