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Abstract: The removal of NH4+, NO3−, and NH3− from wastewater can be difficult and expensive. 

Through physical, chemical, and biological processes, metals and nutrients can be extracted from 

wastewater. Very few scientific investigations have employed surfactants with high biodegradabil-

ity, low toxicity, and suitability for ion removal from wastewater at different pH and salinity levels. 

This research employed a highly biodegradable biosurfactant generated from yeast (sophorolipid) 

through micellar-enhanced ultrafiltration (MEUF). MEUF improves nutrient removal efficiency and 

reduces costs by using less pressure than reverse osmosis (RO) and nanofiltration (NF). The biosur-

factant can be recovered after the removal of nutrient- and ion-containing micelles from the filtration 

membrane. During the experiment, numerous variables, including temperature, pH, biosurfactant 

concentration, pollutant ions, etc., were evaluated. The highest amount of PO43− was eliminated at a 

pH of 6.0, which was reported at 94.9%. Maximum NO3− removal occurred at 45.0 °C (96.9%), while 

maximum NH4+ removal occurred at 25.0 mg/L (94.5%). Increasing TMP to 200 kPa produced the 

maximum membrane flow of 226 L/h/m2. The concentrations of the contaminating ion and sophoro-

lipid were insignificant in the permeate, demonstrating the high potential of this approach. 
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1. Introduction 

Globally, nutrient contamination is one of the most significant threats to aquatic eco-

systems [1,2] There is uncertainty at every stage of the process, from the generation of 

pollutants to their final ecological and economic effects. Excessive nutrient loading en-

dangers aquatic ecosystems by changing aquatic biodiversity and biogeochemical pro-

cesses [2,3]. The bioaccumulation caused by organic inputs and agricultural runoff threat-

ens the world’s freshwater streams [4]. Despite the installation of strict environmental 

laws to address human impacts on aquatic species, the effects of nutrient loading on the 

functioning of stream ecosystems remain unknown [1–3]. 

It has proven difficult to remove different nutrients (such as phosphorus, nitrate, and 

ammonium) from wastewater [4,5]. Nitrogen and phosphorus are the two most important 

nutrients to take into consideration when talking about the discharges of treated 

wastewater [3,4]. They persist in streams that have been biologically treated, demanding 

additional sophisticated treatment. It has been demonstrated that the release of nitrogen 

and phosphorus accelerates lake eutrophication and increases algal bloom and freshwater 

habitats rooted in shallow streams [5,6]. The use of water containing algae and aquatic 

plants for drinking water, fish culture, or recreation produces various difficulties, includ-

ing dissolved oxygen depletion in water bodies, toxicity to aquatic life, and a decrease in 

the efficiency of chlorine disinfection. Moreover, nitrates, the nitrogen byproducts of ni-

trification, are notorious for their lethal effects on infants. Septic systems, animal feedlots, 
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agricultural fertilizers, manure, industrial wastewater, sanitary landfills, and rubbish 

dumps are all common causes of excess nitrate reaching lakes and streams [4–6]. 

In aquatic environments, ammonia creates nitrogenous oxygen demand, eutrophica-

tion, and changes in fish health. Nitrification is the cause of biological oxygen demand 

(NBOD) due to nitrogen. In the process of nitrification, dissolved oxygen (O2) is used to 

react with NH3. As a result, species have a limited availability of O2. As in terrestrial situ-

ations, nitrification can cause eutrophication by producing nitrate [6–9]. Nitrophilous al-

gae and macrophytes may form large blooms in standing water [6,7]. This strains re-

sources and can potentially indirectly harm species via the formation of algae [8,9]. Am-

monia, on the other hand, can directly impact animals through skin absorption. Exposure 

to ammonia has been linked to fish mortality as well as alterations in fish development, 

gill condition, organ weights, and red blood cell concentrations [9,10]. 

Numerous studies have been conducted on the physical and chemical removal of 

metals and nutrients from wastewater [11,12]. Additionally, research has been conducted 

on the removal of metals and nutrients from wastewater using a synthetic surfactant. 

However, relatively few research studies have been conducted on the removal of contam-

inants via biotreatment, such as biosurfactants. In terms of environmental sustainability, 

biodegradability, and eco-friendliness, micellar-enhanced ultrafiltration (MEUF) with bi-

osurfactants surpasses most other known treatment methods [13–16]. MEUF is a straight-

forward filtration method. The biosurfactant forms micelles in the feed solution that react 

with the waste molecule and the biosurfactant/contaminant complex is ultimately re-

moved from the filtrate by the ultrafiltration process [11,13]. The MEUF based on surfac-

tants has been evaluated to separate multivalent anions and cations [14]. It can operate 

well at high temperatures, which is essential for treatment processes. 

This study was conducted to investigate the effectiveness of sophorolipids in remov-

ing nutrients (ammonia, phosphate, and nitrate) from water. For this investigation, a 

sophorolipid was utilized as a biosurfactant in the micellar-enhanced ultrafiltration 

(MEUF) system. This allowed for the elimination of the nutrients. The optimal conditions 

for the reduction of ammonia, phosphate, and nitrate were examined, which included the 

pH level, initial concentration of anions, sophorolipid concentration, temperature, and 

transmembrane pressure. When applied above its critical micellar concentration and in a 

reasonable ratio with the pollutant ion, sophorolipids help the MEUF system to remove 

ammonia, phosphate, and nitrate. 

MEUF is a membrane-based approach to removing metal ions, organic pollutants, 

and inorganic chemicals from water supplies. In this method, surfactants are introduced 

into the aqueous stream at concentrations that are either comparable to or higher than 

their respective critical micelle concentrations (CMCs). The lowest micellar concentration 

at which micellization may occur is referred to as the crucial micellar concentration 

(CMC). At this surfactant concentration, the surfactant monomers will begin to combine 

and form aggregates that are referred to as micelles [14,15]. During the MEUF procedure, 

cations are bound to the negatively charged micelles. The membrane rejects cations and 

anions with larger molecular sizes than the pores. More specific to our study, the ions 

NH4+, PO42−, and NO3− were bound to parts of the sophorolipid that were hydrophilic. 

Because the aggregates were larger than the pore diameters of the hollow-fiber membrane 

filter, they were unable to pass through the membrane. On the other hand, clean water 

with a small quantity of the sophorolipid and ions (NH4+, PO43−, NO3−) did flow through 

the membrane. In this part of the investigation, the performance of the MEUF system was 

investigated according to a variety of operating parameters, including transmembrane 

pressure (TMP), temperature, fouling, and sophorolipid concentration. In addition to this, 

the activity of the sophorolipid was observed while ions were present (NH4+, PO43−, NO3−) 

[1,2]. Figure 1 shows that micellar-enhanced ultrafiltration (MEUF) is a combination of 

two technologies, where in the first step the formation of micelle by the supply of biosur-

factant starts, and then micelles are removed through ultrafiltration at a suitable concen-

tration higher than the CMC through the ultrafiltration membrane. 
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Figure 1. Schematic diagram of micellar-enhanced ultrafiltration. 

The dissolution of metal ions and organic molecules in micelles can be attributed to 

the action of electrostatic or Van der Waals forces. After this, the micelle solution is passed 

over an ultrafiltration membrane that has a suitable molecular weight cut-off (MWCO) 

size. As a result, the micelles that are associated with soluble pollutants can be removed 

by the ultrafiltration membrane [1,4,14]. In a general sense, the retention coefficient of the 

pollutant that is being eliminated rises when the surfactant concentration in MEUF rises 

higher than the CMC [1,2,14]. MEUF possesses a variety of benefits, some of which include 

low operating costs, a high removal efficiency, and a high permeate volume flux, to men-

tion a few of these benefits. In a nutshell, this system combines the high selectivity offered 

by reverse osmosis with the high flux offered by ultrafiltration. Because of these charac-

teristics, MEUF is applied in the process of removing heavy metals [1,2,7,16]. 

MEUF offers numerous advantages, such as low operating costs, high removal effi-

ciency, and a large permeate volume flux. This method combines the high flux of ultrafil-

tration with the superior selectivity of reverse osmosis. MEUF is used to remove both an-

ions and cations because of these properties. However, one of the system’s major short-

comings is the decrease in permeate flux caused by various experimental conditions, in-

cluding membrane fouling [1,15–20], which can be minimized by regular membrane 

cleaning and maintenance. The objectives of this research are to evaluate the effectiveness 

of MEUF with a sophorolipid biosurfactant for removing nutrients of various forms of 

nitrogen (ammonium and nitrate) and phosphate from water [1,17,18]. 

2. Results 

2.1. CMC Determination 

The critical micelle concentration (CMC) of the sophorolipid used in this study was 

determined to be 30 mg/L or 0.003% of the sophorolipid. By determining the CMC of the 

biosurfactants, the minimum concentration at which micelles will form and the lowest 

concentration at which biosurfactant solutions will operate optimally are calculated. In 

addition, by measuring the CMC of the experiment’s effluent, the biosurfactant concen-

tration in the effluent may be calculated, as well as the relationship between biosurfactant 

adsorption to the media and biosurfactant concentration. There is a substantial variance 

in the CMC values of several types of biosurfactants. The lower the CMC value, the less 

biosurfactant will be required [1,2,17–20]. The cost of biosurfactants constitutes a consid-

erable component of the total cost of remediation, proportional to the amount of biosur-

factant employed. Therefore, the ideal characteristic of a biosurfactant is a low critical mi-

celle concentration (CMC) [18–22]. At that concentration, the measured surface tension 

was 44 mN/m. Finding the intersection of two tangent lines was used to establish this 

CMC [20,21]. 
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2.2. Effect of pH on Removal Rate 

The proposed pH range for this experiment was between 6.0 and 10.0. At a lower pH, 

the rate of nutrient ion elimination is greater. Based on the pH of the sophorolipid and 

other chemical characteristics of the pollutant anion and cation, the pH was determined. 

The sophorolipids used in the study are acidic with a pH of 4.5 and sensitive to pH, 

temperature, and electric fields. This may result in alterations to their performance 

[1,19,22,23]. By adjusting the pH, several sophorolipid aggregate states may be produced. 

At neutral pH values, sophorolipids exhibit strong emulsifying activity. In pure water, 

when pH decreases below 6.0, the emulsion’s stability increases. However, in the presence 

of ions, considering the pH of the sophorolipid and the pH of the employed ions, the op-

timal pH range was determined to be between 6.0 and 10.0. Going below 6.0 in the pres-

ence of ions would cause a gel formation on the membrane surface causing more fouling, 

while going beyond 10.0 the emulsification stability of SL drops to a level that would re-

duce the system efficiency at a significant rate. As seen in Figure 2A, at lower pH levels 

(6.0–8.0), nitrate, phosphate, and ammonium removal rates were desirable with values 

between 70 and 96%. The removal rate varies based on the ions and the overall pH of the 

solution. In the solution, there are two anions and one cation [1,2,23–26]. So, the impact of 

pH on the removal rate can be explained by anion exchange and reduction of the anions 

in the solution (NO3−, PO43−) [24–26]. 

 

Figure 2. Effect of (A) pH, (B) temperature, (C) initial ion concentration, and (D) sophorolipid con-

centration on the removal rate of NO3−, PO43−, and NH4+. 

  



Molecules 2023, 28, 1559 5 of 13 
 

 

2.3. Effect of Temperature on Removal Rate 

Based on the findings seen in Figure 2B, the removal rates of nitrate, phosphate, and 

ammonium improve with increasing temperature due to an increase in membrane flux 

[9–14,27] induced by the membrane material’s thermal expansion and decreased solution 

viscosity [27]. Since the CMC of the surfactant fluctuates with temperature, the tempera-

ture is the most important parameter for MEUF [28–34]. The effect of temperature on the 

process was studied in this experiment in the range of 25.0 °C to 45.0 °C. Other parameters 

were constant. A noticeable decrease in the flux was observed when lowering the temper-

ature below 25.0 °C, caused by higher viscosity of the SL solutions, and above 45.0 °C, due 

to greater concentration polarization. This was also the case for other surfactants, e.g., 

CTAB, CPC, and rhamnolipid [1,35–38]. 

2.4. Effect of Concentration on Removal Rate 

In Figure 2C, the removal rate at various concentrations (25.0, 50.0, 100.0, 200.0 mg/L) 

of initial nitrate (NO3−), phosphate (PO43−), and ammonium (NH4+) was evaluated. This 

range of ion concentrations reflects values that are 100–250 times more than the proportion 

of actual polluting ions found in Montreal’s lake water. For this research study, ions with 

a small diameter for ultrafiltration were chosen based on pore size. Using a lower concen-

tration would not have been useful for understanding the micelle formation with SL and 

the influence of other parameters (pH, temperature, permeate flow, ion concentration, 

transmembrane pressure) owing to ions lost before micellization occurs. The presence of 

untreated ions in permeate solutions becomes negligible when a concentration 100–250 

times higher is used. 

Figure 2C depicts the effect of starting concentration on the elimination rate. With an 

increase in the initial concentration, the removal rate decreases substantially [1]. Figure 

2D illustrates the relationship between the removal rate and the changing sophorolipid 

(SL) concentration in the solution. In this experiment, the SL concentration was examined 

at 0.10%, 0.20%, 0.30%, 0.40%, 0.50%, 1.00%, and 2.00% to determine the nitrate, phos-

phate, and ammonium ion removal rate. The greatest NH4+ removal rate was 88.8% at 

0.40% SL concentration, while the lowest rate was 58.7% at 0.10% SL concentration [1]. 

Initially, the experiment was carried out between CMC (0.003%) and 10 CMC of SL (0.03%) 

and the result was unsatisfactory with a removal rate below 40%. After increasing SL con-

centration from 33 × CMC (0.1%) to 133 × CMC (0.4%), the results gave better removal 

rates ranging between 60% and 96% due to a greater surface of attachment for the ions. In 

other studies, it was shown that the removal of pollutant ions and metal ions was higher 

when the ion-to-surfactant ratio was between 1:1 and 1:1.5, and in this case the ion-to-

biosurfactant ratio was 1:1.4 (wt/wt) [1,2,4,6,7]. 

This indicates that the rate of nutritional ion elimination is related to SL concentra-

tion. This indicates that raising the SL content from 0.025% to 0.10% facilitates nutrient 

clearance. When the concentration of SL in the feed solution increases, so does the con-

centration of micelles, which enhances the binding of nutritional ions [1,33–35,39]. Table 

1 summarizes the maximum and minimum values of the removal of the studied ions af-

fected by pH, temperature, ion, and sophorolipid concentrations. Typical standard devi-

ations on values were reported between 0.2 and 2.0% for pH, 0.5 and 2.0% for tempera-

tures and transmembrane pressures, 1.0% for ion and SL concentrations, 1.0 and 3.0% for 

permeate fluxes, and finally, between 1.0 and 5.0% for removable rates. 

Table 1. Maximum and minimum values of the removal rates of nitrate, phosphate, and ammonium 

ions under different conditions of pH, temperature, and concentration. 

Removal Rate (%) 

Conditions NO3− PO43− NH4+ 

pH = 6.0  0.1 (89.6  1.4) (94.9  1.0) (71.2  1.4) 

pH = 8.0  0.1 (72.6  3.0) (71.6  1.4) (84.1  3.0) 

pH = 10.0  0.1 (50.2  1.6) (53.6  2.5) (52.5  3.4) 
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T = 25.0  0.1 °C (69.1  1.0) (60.8  0.9) (75.7  2.0) 

T = 35.0  0.1 °C (78.7  1.7) (71.8  1.0) (68.1  2.1) 

T = 45.0  0.9 °C (96.9  2.5) (91.8  3.1) (87.3  0.9) 

IC = 25.0  0.2 mg/L (90.4  1.3) (87.8  3.0) (94.5  3.5) 

IC = 200.0  1.8 mg/L (59.8  0.7) (62.8  2.4) (65.7  2.9) 

SLC = 0.30  0.01% (98.3  3.7) (92.9  3.4) (86.3  3.6) 

SLC = 2.00  0.02% (56.4  0.6) (51.0  1.5) (67.0  2.5) 

T = Temperature; IC = Ion concentration; SLC = Sophorolipid comcentration. 

Results indicated that 98.9% of NO3− was removed at a concentration of 0.40% SL, 

with the lowest removal rate occurring at a concentration of 2.00% SL. At a pollutant-ion-

to-sophorolipid ratio of 1:1.4 (wt/wt), the maximum clearance rate was reported. This pro-

portion remained constant throughout the tests. The better removal rate at a higher con-

centration may be explained by the increased ratio of biosurfactant to pollutant ion, which 

increases the availability of the biosurfactant for the attachment of the pollutant ion. The 

fouling of the membrane began beyond this point due to the increased viscosity [1,35,36]. 

After a certain SL concentration, fouling and the increased viscosity of the solution re-

duced the removal rate [35,36,40–42]. In this instance, the clearance rate is reduced when 

the concentration exceeds 0.40%. The apparent tension between the feed solution and the 

permeate was measured to verify the sophorolipid (SL) content of the solution both before 

and after the test using a tensiomat. The surface tension of the feed solution with the ad-

dition of SL was reduced to 41 mN/m, which is below that of the CMC. Therefore, micelles 

were formed as the concentration was above the CMC [36,37,39]. The surface tension of 

the permeate solution increased to 65 mN/m after filtration, which was slightly lower than 

the surface tension of pure water (72 mN/m). As the SL in the micelles was rejected by the 

membrane during filtration, only a few monomers passed through the membrane [37,38]. 

To verify the relationship between the independent variables of pH, temperature, 

ion, and SL concentrations with the dependent removal rates, variances were calculated 

and compared within each group. The variance in each group was in the range of 55 to 

255%. Nitrate ions were referred to as group 1, while phosphate and ammonium ions as 

groups 2 and 3, respectively. Our hypothesis was to assume that no relation exists between 

experimental conditions and removal rate values for each group. This hypothesis is valid 

for low p values up to 5%. For higher p values greater than 95%, the alternative hypothesis, 

that at least one group differs from the overall mean, prevails. A one-way ANOVA test of 

comparison for at least three different groups was used to calculate the probability of find-

ing at least one group higher than the mean. p-values ranged between 98% for pH, 65% 

for temperature, 68% for ion concentration, and 83% for SL concentration. This shows that 

pH is the most likely to influence the process and is the principal parameter precisely 

controlling ion removal rates. 

2.5. Effect of Temperature on Permeate Flux 

The effect of temperature on the process was studied in this experiment in the range 

of 22.0 °C to 45.0 °C. Other parameters were constant. The permeate flow increases as the 

temperature rises, owing to the thermal expansion of the membrane material and the 

lower viscosity of the solution. Due to the increased flow, however, more concentration 

polarization was observed [1,35–38]. Because the surfactant CMC varies with tempera-

ture, the temperature is the most significant parameter for MEUF. The viscosity of the 

synthetic solution containing the sophorolipid solution decreases as the temperature rises, 

causing the flux to rise. The range 22.0 °C to 45.0 °C was chosen based on the flux rate and 

power required to raise the temperature. Lowering the temperature below 22.0 °C would 

cause a decrease in the flux while going above 45.0 °C would require a considerable power 

supply to heat up the solution causing extra operational costs [1,38,43]. When the temper-

ature increases, the flux also increases, as seen in Figure 3A. The viscosity of the solution 

containing the sophorolipid solution decreases as the temperature rises, allowing the flux 
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to increase [38]. The flux reached a maximum of 92.1 L/h.m2 at 45.0 °C and a minimum of 

47.6 L/h.m2 at 22.0 °C. 

 

Figure 3. Effect of (A) temperature and (B) transmembrane pressure on permeate flux at pH 6.0 

([NH4+], [NO3−], [PO43−] = 100.0 mg/L). 

2.6. Effect of Transmembrane Pressure in Permeate Flux 

As shown in Figure 3B, increasing the transmembrane pressure (TMP) positively in-

fluences the permeate flow, implying that as the TMP increases, the driving force starts to 

rise, resulting in higher flux. Furthermore, a linear relation between TMP and flux shows 

negligible concentration polarization [6,28]. The lowest flux was 30 L/h.m2 at TMP = 50 

kPa, while the highest flux was 226 L/h.m2 at TMP = 200 kPa. Low transmembrane pres-

sure reduces operational expenses [42,44]. Because its value was greater than the linear 

trendline, a second-order regression was determined as the best match, as indicated by 

the R2 value. The range between 50 and 150 kPa was chosen for the tests in which MEUF 

was utilized with a synthetic or biosurfactant for the removal of metal and inorganic ions 

[2,6–8]. This study was first conducted in this range and the permeate flux achieved was 

not satisfactory. As a result, the maximum limit of the range was increased to 200 kPa [1]. 

The low flux achieved at 150 kPa can be explained with the MWCO used for this experi-

ment because with the increase in MWCO the flux significantly reduces for the MEUF 

process [1,2]. For the removal of ions such as nutrients, which are smaller than metal ions, 

the ultrafiltration cartridge of higher MWCO is necessary, which causes the flux reduc-

tion. This can be interpreted as the reason why the necessary flux was not achieved at 150 

kPa. The MWCO that was used for this investigation was 10 kDa, while the MWCO that 

was used in the mentioned experiments that were cited ranged from 3 kDa to 5 kDa. The 

polarity of the two ions with differing charges, as well as the concentration of those ions, 

might play a part in the experiment’s permeate flux [2,6,7]. 

Increasing the transmembrane pressure (TMP) positively influences permeate flow, 

implying that as the TMP increases, the driving force starts to rise, resulting in higher flux. 

On the other hand, lower transmembrane pressure reduces operational costs. The range 

selected is 50–200 kPa since below that level there is almost no removal observed, while 

going above 200 kPa would significantly increase the operational power requirement, re-

sulting in higher cost. 
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3. Discussion 

The primary purpose of this study was to evaluate the effectiveness of sophorolipids 

(SL) in removing ammonium, phosphate, and nitrate from water. As a biosurfactant for 

the elimination of ammonium, phosphate, and nitrate (NH4+, PO43, NO3−), the SL was com-

bined with a micellar-enhanced ultrafiltration (MEUF) system. By analyzing a variety of 

factors, the best conditions for each variable, including pH, initial concentration of anions, 

SL concentration, temperature, fouling, and transmembrane pressure, were identified. SL 

plays an essential role in the elimination of ions (NH4+, PO43−, NO3−) via the MEUF system 

at concentrations above its critical micellar concentration [21,28,38,43–46]. The ions (NH4+, 

PO43−, and NO3−) were attached to the hydrophilic parts of the SL by ion exchange with 

counterions for the cations or electrostatic attraction for the anions with the negatively 

charged sophorolipid. As the aggregates were larger than the pore diameters of the hol-

low-fiber membrane filter, they were unable to pass through the membrane. However, 

pure water with small amounts of SL and ions was able to pass through. 

Based on the experimental results, the following conclusions were drawn from this 

investigation: The fraction of anions and cations (NH4+, PO43−, NO3−) that were decreased 

was affected by variables such as pH, initial concentration, and SL concentration. A drop 

in pH and a rise in SL concentration greatly influenced the decrease in PO43− and NO3− 

concentrations. Each sample had a pH of 6.0 and a concentration of 100.0 mg/L for NH4+, 

PO43−, and NO3−. SL = 0.30% was selected as the best concentration for the reduction of 

anions. Temperature and transmembrane pressure served as critical operating parameters 

for the micellar-enhanced ultrafiltration system. When both were raised, the flow in-

creased [2,43–45]. However, transmembrane pressure had a greater influence on the flow 

than temperature. The concentration of feed had no effect on the concentration of SL in 

the permeate. As a biosurfactant in an ultrafiltration system with micellar enhancement, 

SL was very effective in removing nutrients from water [1,47,48]. 

The high nutrient concentration in the solution, along with the high MWCO that was 

applied, contributed to the poor permeate flux. The decrease in flow that was caused was 

primarily attributable to membrane fouling being present. This effect can be mitigated by 

increasing the solution’s TMP and reducing the ion concentration in the solution as much 

as possible. When employed on a lab scale, it was difficult for MEUF to generate greater 

TMP. However, this issue can be resolved when applied on an industrial scale. When 

compared to other methods in use, MEUF features a smaller footprint and a more compact 

construction. Other approaches require more sludge generation and subsequent filtration 

to disinfect effectively [2,6,8]. 

In earlier research, MEUF was combined with synthetic surfactants (e.g., CTAB, CPC, 

ODA, DTAC) and biosurfactants (e.g., rhamnolipid) to effectively remove heavy metals 

(>99%) [2,6,23,24]. In another experiment, metal removal was performed in combination 

with sophorolipid and rhamnolipid [6], which likewise resulted in a high removal rate 

(>99%). Due to the ion size, competition between two differently charged particles of the 

ions, and the complexity of the process, there were insufficient investigations on removing 

nutrients from wastewater combining MEUF and biosurfactants. Only a few studies in-

cluded the use of synthetic surfactants (CTAB, CPC, and ODA) for nutrient removal, and 

the removals ranged from 73 to 91% [23,24]. Due to the lack of research on sophorolipids 

with MEUF for nutrient ion removal and their effectiveness in removing heavy metals 

from groundwater, MEUF with sophorolipid was chosen for this research. 

4. Materials and Methods 

4.1. Materials 

ACS-grade sodium nitrate (NaNO3), dipotassium phosphate (K2HPO4), and ammo-

nium chloride (NH4Cl) were used and purchased from Sigma Aldrich, ON. The pH was 

corrected with 0.5 N nitric acid (HNO3) and 0.5 N sodium hydroxide (NaOH) solutions 

purchased from Fisher Scientific. Sophorolipid (SL) biosurfactant was produced from 
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Candida bombicola cultivated on a mixture of rapeseed oil and glucose [1–5,8,47] and pur-

chased from Belgium’s Ecover Company. It was composed of 30% acidic SL and 70% lac-

tonic SL. Concentrations of 137.1 mg/l NaNO3, 183.4 mg/L K2HPO4, and 296.5 mg/l NH4Cl 

in double distilled water were prepared to obtain a stock solution of 100.0 mg/L NH4+, 

PO43−, and NO3−. The decrease in NH4+, PO43−, and NO3− by sophorolipid at various pHs 

and sophorolipid concentrations was studied in batch studies. To achieve equilibrium, the 

prepared samples were agitated at 60 rpm for 24 h, then centrifuged and analyzed. 

In this work, we attempted to maximize the percentage of nutrient removal under 

suitable test conditions by maintaining appropriate permeate flux and maximizing the 

factors influencing permeate flux. For this, experiments were carried out at a flow rate of 

200 mL/sec by keeping the peristaltic pump at 70 rpm, the transmembrane pressure at 120 

kPa with a molecular weight cut-off (MWCO) of 10,000, and an initial ion concentration 

of 100.0 mg/L at 22 °C, with a sophorolipid concentration of 0.30%. 

4.2. Experimental Setup 

The QuixStand BenchTop System (Figure 4) (M series from GE Healthcare) was used 

for the separation of nutrients (NH4+, PO43− and NO3−), which was attached to the surface 

of micelle from the solution of nutrient-sophorolipid. The system included a feed reser-

voir, peristaltic recirculation pump, inlet pressure gauge, hollow-fiber cartridge (Xampler 

cartridge), retentate outlet, outlet pressure gauge, sampling valve, and back pressure 

valve. The peristaltic pump that was included in the ultrafiltration system to pump the 

fluid was purchased from Watson-Marlow Company (313 S). 

 

Figure 4. Benchtop (left) and schematic diagram of the experimental setup. Peristaltic pump 

(right). 

Xampler™ Cartridge 

The hollow-fiber cartridge used in QuixStand BenchTop (Ultrafiltration System) was 

purchased from GE Healthcare. A bundle of polysulfone fibers parallels inside a plastic 

housing and forms the cartridge. Molecular weight cut-off (MWCO) is essential in classi-

fying ultrafiltration membranes. The MWCO that was used in the experiments was 10,000. 

4.3. Ultrafiltration Tests 

The QuixStand BenchTop System (M series from GE Healthcare, Buckinghamshire, 

UK) was utilized for the separation of ions (NH4+, PO43−, and NO3−) bound to the chro-

mium-rhamnolipid micelles. The system comprised a feed reservoir, a peristaltic recircu-

lation pump, an inlet pressure gauge, a hollow-fiber cartridge (Xampler cartridge), a re-

tentate outlet, an outlet pressure gauge, a sample valve, and a back pressure valve. The 

Xampler cartridge was acquired from GE Healthcare. The cartridge is composed of paral-

lel polysulfone fibers housed within a plastic container. Classifying ultrafiltration mem-

branes is dependent on the MWCO (molecular weight cut-off). In the trials, a MWCO of 
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10,000 was utilized based on previous studies [1]. These tests were carried out in batches. 

The feed solution had a volume of 400 mL at the beginning, and the retentate stream was 

continually recycled. The water flux was monitored before and after the experiment at the 

optimal transmembrane pressure to confirm membrane fouling. It was time to clean the 

membrane when the water flux was less than 80–90% percent of the flux of a new mem-

brane. The sodium nitrate, dipotassium hydrogen phosphate, and ammonium chloride 

salts were dissolved in distilled water to produce a stock solution of NH4+, PO43−, and NO3−, 

and the required concentrations were produced by diluting the stock solution with the 

same water. Distilled water was used to dilute Ecover SL (41%) (SL18) to produce various 

molar solutions. The reservoir’s feed solution, which contained anions, cations, and SL, 

was fed through the ultrafiltration membrane by a peristaltic pump. The retentate solution 

was returned to the feed reservoir after exiting the cartridge. Ion chromatography was 

used to measure the concentrations of NH4+, PO43−, and NO3− in the permeate, retentate, 

and feed samples. All tests were conducted at a temperature of 22.0 °C and a pH of 6.0 

unless otherwise specified. After each experiment, the flow loop was cleansed by running 

distilled water through the apparatus. Each test was performed three times, and the aver-

age was used to determine the outcome. 

4.4. Analytical Methods 

Statistical method: For each parameter, the test was run twice in duplicate, and the 

values were then averaged to obtain the numbers used in the table and graphs. Using 

ANOVA, the standard deviation (SD) values for the three sets of data were computed, 

and the error bars on the graph were generated using 2SD. In the first trial, the ratio of 

pollutant ion to sophorolipid was 13:1 (wt/wt), and the achieved removal rate was less 

than 85%. In the second set of experiments, the ratio of ions to sophorolipids was 1:1.4 

(wt:wt). Based on the performance of the initial experimental data set, the values of the 

studied parameters (pH, temperature, TMP, ions, and SL concentrations) were chosen. 

The effect of altering a single parameter on the removal rate and permeate flux was inves-

tigated while the other parameters remained constant. 

pH: The pH was measured using a Fisher Scientific Company AR25 Dual Channel 

pH/Ion Meter. Considering pH plays such a significant role in reducing NH4+, PO43−, and 

NO3− ions, the effect of varying pH levels was investigated. Because the pH of the solution 

after adding SL is 7.82, the solutions were tested at pH 6.0, 7.0, 8.0, 9.0, and 10.0. Each test 

was conducted in triplicate, and the total sample amount was 50 mL. Temperature, anion 

and cation concentrations, and SL concentrations were fixed at 100.0 mg/L for NH4+, PO43−, 

and NO3−, respectively, and 0.30% of SL. The pH was adjusted with 0.5 N NaOH and 0.5 

N HNO3, and the initial and final contents of NH4+, PO43−, and NO3− were determined us-

ing ion chromatography. Equation (1) [1,2,6] was used to calculate the percentage of anion 

and cation reduction: 

% 〖���〗_���������

= (〖��� �������������〗_�������

−〖��� �������������〗_����� )

/〖��� �������������〗_������� ∗ 100 % 

(1)

Temperature: A 2001 Series 8000 Resistance Temperature Detector was used for 

measuring temperature. The influence of temperature on removal rate was examined in 

this experiment by utilizing varied feed solution temperatures (25.0, 30.0, 35.0, 40.0, and 

45.0 °C). Room temperature, transmembrane pressure, and pH were kept constant, and 

the solution had a pH of 6.0 and included 100.0 mg/L of NH4+, PO43−, and NO3−, and 0.30% 

sophorolipid. Ion chromatography was used to determine the ion concentrations. 

Transmembrane pressure (TMP): For observation of the effect of TMP on the per-

meate flux, various TMP values (40, 50, 100, and 150 kPa) were chosen. This experiment 

was performed at 22 °C and pH 6.0. The feed solution contained 0.30% SL. The permeate 
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pressure was measured by a traceable manometer/pressure/vacuum gauge and the TMP 

was determined based on the following Equation (2): [1,2,6] 

������������� �������� = (������+�������)2 − ��������� (2)

The permeate flux was measured using Equation (3): [1,2,6] 

���� �
�

�� · ℎ
� = �

�������� ���� �
��
���

�

��������� ����(��)
� ∗ 0.06 (3)

The cartridge area was 140 cm2, and the permeate flow was measured by using the 

flowmeter for the permeate flow in the ultrafiltration system. 

Ion concentration: An ion chromatograph, the 930 Compact I.C. Flex, was used to 

determine the starting and final ion concentrations. The ion chromatograph was con-

nected to a sample processor in this approach, which was controlled by high-performance 

P.C. software (Metrohm’s MagIC Net). The software controlled and analyzed the instru-

ment, as well as evaluated and managed the data collected in a database. The final per-

centage was determined by multiplying the concentrations obtained by the appropriate 

dilution factor. Ions in the water were identified using ion chromatography (I.C.). Each 

analysis required 10 mL of sample collection. For this investigation, samples of untreated 

wastewater and MEUF permeate and retentate were collected after 2, 5, 10, and 20 min 

and diluted by a factor of 10 with DI water. 

CMC determination: The surface tension of sophorolipid in various concentrations 

was measured using a tensiometer according to the Du Nouy method (Fisher Scientific, 

Tensiomat model 21). The force required to lift a thin metal ring (platinum ring) from the 

solution’s surface is measured with a tensiometer. To assure the accuracy of the data, the 

tensiometer was first calibrated by measuring the surface tension of DI water. To measure 

the sophorolipid critical micelle concentration (CMC), the solution was diluted several 

times. [1,2,6,10] The surface tension of the solution was determined by submerging a plat-

inum ring in the solution after each dilution step. The CMC of sophorolipid was deter-

mined using the Du Nouy method by plotting the surface tension versus biosurfactant 

concentration. 

5. Conclusions 

The primary purpose of this research was to devise a method for removing phospho-

rus, nitrate, and ammonium ions from contaminated water by using the biosurfactant 

with micellar-enhanced ultrafiltration technology. A sophorolipid (SL18) was used as a 

biosurfactant in this study for enhanced micellar ultrafiltration (MEUF) studies. The 

study’s goals include assessing the feasibility of employing sophorolipid SL18 to remove 

phosphate, nitrate, and ammonium from contaminated water and determining factors af-

fecting efficiency. Furthermore, the parameters that influence permeate flux and removal 

efficiency were investigated. This study aimed to determine the best conditions for in-

creasing permeate flux and achieving maximum efficiency. Various factors, including 

temperature, pH, the concentration of biosurfactants, pollutant ions, etc., were examined 

during the experiment. At a temperature of 45.0 °C and pH 6.0, there was a 90–96% re-

moval rate for nitrate and phosphate. A maximum ammonium removal of 95% was 

achieved. These results indicate the high potential of this technique for nutrient removal. 
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