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Abstract 

 

This research investigated the removal mechanism of algae metabolized materials (geosmin, 

2-methylisoborneol (2-MIB), and microcystin-leucine arginine (MC-LR)) according to the 

naturally occurring operation factors such as temperature (10, 20 and 30°C), transmembrane 

temperature (20°C: 10 vs. 30, 30 vs. 10°C) difference and valance of reverse salt flux (RSF) in 

forward osmosis membrane. Algae metabolized materials had high removal efficiency (94 ~ 

99%) at all experimental conditions. According to the temperature difference, the absorption 

percentage of geosmin and 2-MIB on the FO membrane was 76, 75% and 75, 55%, respectively. 

However, adsorption percentage of toxin (MC-LR) materials were observed to be 11 and 85%, 

respectively. Temperature-dependent parameters such as water and solute viscosity & 

diffusivity, membrane intrinsic properties, have effects on the removal mechanism and rate. 

Consequently, the results from this research provide meaningful information on not only the 

removal of algae metabolized materials like micropollutants but also the water treatment 

process with consideration of the temperature conditions (temperature difference). 

Keywords: Algae metabolized materials; forward osmosis; removal mechanism; 

transmembrane temperature.   
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Abbreviation  

MC-LR microcystin-leucine arginine 

2-MIB 2-methylisoborneol 

GS geosmin 

USEPA 
United States Environmental Protection 

Agency 

WHO World health organization 

T&O Taste and odor 

MF micro filtration 

UF ultra-filtration 

NF nano-filtration 

RO reverse osmosis 

PA polyamide 

TFC thin film composite 

FO Forward osmosis 

PS polysulfone 

PE polyester 

 

 

 

 

1. Introduction 
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During the algal blooming process, cyanobacteria can produce metabolized materials 

such as algal toxin, taste and odor (T&O) materials (Fig. 1). These metabolites are harmful to 

ecosystem, human health and life, and result in a decrease of water treatment efficiency and an 

increase of operation and maintenance cost. Among the algal metabolized materials, 

representative materials of algal toxin and T&O are microcystin-leucine arginine (MC-LR), 

geosmin and 2-methylisoborneol (2-MIB) respectively. MC-LR is major algal toxin formed by 

cyanobacteria. It remains inside the cell until cell is damaged or stressed (intracellular toxin) 

or lysed to the water bodies (extracellular toxin). MC-LR can act as the tumor promoter and 

cause cell deaths in human body because it can be attributed to their specific and irreversible 

inhibitions of the protein phosphatases [1, 2]. For this reason, World Health Organization 

(WHO) and United States Environmental Protection Agency (USEPA) have placed MC-LR on 

the Drinking Water Contaminant Candidate List and recommended the concentration of MC-

LR less than 1 μg/L [3]. Geosmin and 2-MIB are generated from bio-degradation and 

metabolism of cyanobacteria during the algal blooming. These materials are non-toxic and has 

no influence on the human health, however it can worsen the taste and cause the odor in the 

drinking water. Although there is no existing WHO regulation that regulates the standard 

concentration of drinking water, with the existence of T&O materials in the water with 

concentration higher than 10 ng/L, it is difficult to provide to end user (human). Therefore, 

T&O materials are managed by government as water quality observation categories (0.2 μg/L) 

in Republic of Korea [4-9]. For these reasons, controlling cyanobacteria metabolized materials 

is an emerging topic.  
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Fig. 1. Algae metabolized materials produced in water. 

 

To treat algae metabolized materials, physicochemical processes such as 

coagulation/flocculation, sand filtration, activated carbon/adsorption and dual media filter, 

advanced oxidation processes including chlorination, ozonation, photo-fenton process and 

activated carbon/adsorption and oxidation hybrid process, and membrane processes such as 

micro filtration (MF), ultra-filtration (UF), nano-filtration (NF) and reverse osmosis (RO) have 

been suggested and applied [10-14]. However, these methods have some limitations to be used 

in drinking water production. For example, physicochemical processes require further 

treatment steps for removing residual metabolized materials to meet the standards. Advanced 

oxidation processes can also effectively treat algae metabolized materials, however, 
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disinfection byproducts are produced during the process by interacting with organic matters 

(not eco-friendly) [15, 16]. Additionally, because oxidation time and chemical dosage are 

directly associated with removal efficiency, high amount of chemical is needed (high operating 

cost and low cost-effectiveness) [4, 5, 17]. Among the processes, the MF and UF membrane 

technology shows relatively low rejection efficiency to algal metabolized materials. So, major 

limitations were technical and cost act as limit points at the same time. Therefore, it is necessary 

to treat the algal metabolized materials eco-friendly, simply, quickly and with low cost [4, 18, 

19]. Forward osmosis (FO) process is an emerging technology in the water and wastewater 

treatment industries. This is driven by osmotic pressure difference between the feed (low 

concentration side) and the draw (high concentration side) solutions across the semi-permeable 

membrane. Filtration performance of FO membrane is similar with RO membrane (high 

rejection efficiency), but operation and maintenance cost is lower because driving force of FO 

is natural pressure (osmotic pressure difference) [13, 14, 20, 21]. Only few researches have 

been studied the treatment of algal metabolized materials by membranes [2, 4, 17-19, 22-27]. 

MC-LR was treated from algae blooming water using UF and NF membranes and T&O 

materials were removed by modified ceramic membrane.  

This study applied the FO process for algal toxin and T&O materials and evaluated 

their performances at different temperature conditions. The effect of solution temperatures and 

their temperature differences were investigated because temperature is the major factor to 

trigger the algal blooming and temperature difference is one of inevitable parameters in FO 

membrane process [28]. Algae and bacterial bloom persist in water supplies that contain 

adequate levels of essential nutrients and water temperature between 15 to 30℃ from the report 

of WHO guideline. In FO process, temperature and temperature difference is an important 
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factors due to temperature influence to mass transfer coefficient in FO process. Also, in real 

scale FO process face to temporal and spatial variation between feed solution and draw solution 

depending on the source [29]. Ultimately, study of removal mechanism of algal metabolized 

materials in the FO process will be able to make an effective treatment strategy, which was not 

suggested in the previous researches. 

 

2. Materials and methods  

2.1 Lab-scale FO experiment 

This study used commercialized polyamide (PA) based thin film composite (TFC) FO 

membrane manufactured by Toray Chemical Korea Inc. (Seoul, Republic of Korea). PA based 

TFC FO membrane divided by three parts: 1) selective PA active layer, 2) interlayer formed by 

polysulfone (PS) and 3) porous substrate polyester (PE) support layer [30, 31]. An effective 

membrane area was 20.02 cm2 (customized FO cell dimension: 77 mm × 26 mm). Experiment 

was conducted in FO mode (active layer facing feed solution). A schematic diagram of lab-

scale FO system is presented in Fig. 2. The lab-scale FO system consists of two gear pumps 

(Longer Pump WT3000–1FA, China), an electric mass balance (AND GF-6000, NY, USA), 

and a magnetic stirrer (MISUNG SCIENTIFIC CO., LTD MS-300HS, Republic of Korea). 

Change in weight of draw solution was recorded every 5 min using an automatic program for 

obtaining the water flux. For stabilization of water permeation, water flux was calculated after 

first 10 min. Initial volumes of both feed solution (FS) and draw solution (DS) were 300 mL. 

Conductivity of feed solution was measured at predetermined time intervals by conductivity 

meter (Orion 4 Star, Thermo Scientific, Albany, USA) to determine reverse salt flux (RSF). 

The experiment was stopped after 3 hrs of operational time. To regulate the temperature of FS 
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and DS, chiller (CPT Inc., Republic of Korea) was connected to the FS and DS tank. Detailed 

operation conditions are depicted in Table. 1. 

 

Fig. 2 Schematic diagram of lab-scale FO system. 

 

Table 1 Operation conditions 

  Value Unit 

Mode FO mode   

Flow rate FS and DS 600 mL/min 

Temperature FS and DS 10, 20, 30 °C 

Temperature 

difference 
FS - DS or DS - FS 20 °C 

GS  3.5 mg/L 

2-MIB  3.5 mg/L 

MC-LR  5 μg/L 
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FS DI water 10 - 30 μs/cm 

DS 
Synthetic seawater 

0.5 M NaCl solution 
48.6 ms/cm 

Operating time  3 h 

* we assume the significantly high concentration than normal concentration of the 

target algae metabolized materials are used in the experiment to mainly account for membrane 

adsorption after steady state saturation [32, 33]. 

 

According to the chemical formula (Fig. S. 1), the MC-LR has the carboxyl group 

composed of glutamic acid and methyl aspartic acid where amino group on arginine is 

representative hydrophilic. In addition, 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-

4.6-dienoic acid (ADDA) residue is indicate hydrophobic characteristic. Therefore, MC-LR is 

relatively negative in charge (-1) in wide range of pH values, from 3 to 12, due to the carboxyl 

group that gets dissociated. In more detail, (COOH)2(NH2
+) has +1 charge, 

(COO-)(COOH)(NH2
+) has neutral charge, (COO-)2(NH2

+) and (COO-)2(NH) has -1 and -2 

charge, respectively [34]. Size and molecular weight of MC-LR are 3 nm and 900 - 1,100 Da, 

respectively [27, 35].  

 As shown in Fig. S. 2, geosmin (sesquiterpenes class) and 2-MIB (monoterpene class) 

are volatile materials and humans can recognize concentrations as low as 10 ng/L. Molecular 

weights of geosmin and 2-MIB are 182 and 168 Da, respectively. Net charge and diameter of 

geosmin and 2-MIB are neutral and lower than 1 nm, respectively [26, 36]. 
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2.2 Analytical methods 

2.2.1 Taste and odor (T&O) materials measured by GC/MS 

2-MIB (purity: 99.5%) and geosmin (purity: >99%) standards were purchased from 

Wako Pure Chemical Industries, Ltd (Osaka, Japan). Liquid geosmin and crystallized 2-MIB 

standard chemicals were dissolved in methanol (Fisher Scientific, HP, USA). For adsorption 

kinetic analysis and step-feeding tests stock solution (20 mg/L) was prepared. To measure the 

geosmin and 2-MIB, they were extracted from FS and diluted DS in 10 mL volume of 

PTFE/silicone screw-cap amber glass vials. The fiber from solid-phase (micro) extraction was 

inserted into the vial and exposed to the headspace above the aqueous sample for 30 min in a 

water bath at 70°C. After the extraction, the fiber underwent GC-MS (GC: 6890N, MS: 5973 

Network, Agilent Technologies, CA, USA) for thermal desorption and analysis. Helium was 

employed as a carrier gas at a constant column flow of 1 mL/min. The oven temperature started 

from 100°C. It was remained for 5 min and then increased to 280°C at 20°C/min. At 280°C it 

was held for 19 min. 

 

2.2.2 Algal toxin material (MC-LR) measured by LC/MS 

MC-LR in each sample was concentrated using Oasis HLB solid-phase extraction 

(SPE) cartridge (Waters, MA, USA). The cartridge was preconditioned with 7 mL 

dichloromethane and methanol (1:1, v/v), 7 mL methanol, and 7 mL Milli-Q water subsequently. 

The sample (200 mL) was acidified to pH 3 by adding 0.1M HCl and then loaded through the 

SPE cartridge at a flow rate of 2 mL/min using a vacuum pump. After loading the samples, the 

cartridge was eluted with 7 mL methanol followed by 7 mL dichloromethane and methanol 
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(1:1, v/v) at 2 mL/min. The extract was then evaporated under a gentle stream of nitrogen and 

reconstituted with 1 mL of methanol. After the SPE extraction, the MC-LR was analyzed by 

LC-MS 2020 (Shimadzu, Japan) equipped with an electrospray ionization (ESI) interface. A 

Phenomenex Kinetex 2.6 μm C8 column (50 × 4.6 mm) was used as the chromatography 

column and was maintained at 40°C inside a column oven. The mixture of Milli-Q water 

buffered with 0.1% (v/v) formic acid and acetonitrile was used as mobile phase eluent at a flow 

rate of 0.5 mL/min. The following gradient program (in terms of the volume ratio of solvents, 

A:B) was used for chromatography: 0 min (90:10) →6 min (77:23) → 15 min (55:45) → 26 

min (15:85) → 35 min (90:10). High-purity nitrogen was used as both the nebulizing and 

drying gas at flow rates of 1.5 and 10 L/min, respectively. 

 

2.3 Calculation 

Water flux (Eq. 1) and RSF (Eq. 2) were determined by the following balance 

equations: 

𝐽𝐽𝑤𝑤 = 𝑉𝑉𝑡𝑡,2−𝑉𝑉𝑡𝑡,1
𝐴𝐴𝐴𝐴

  (1) 

𝐽𝐽𝑠𝑠 = 𝐶𝐶𝑡𝑡𝑉𝑉𝑡𝑡−𝐶𝐶𝑜𝑜𝑉𝑉𝑜𝑜
𝐴𝐴𝐴𝐴

  (2) 

 

where, Jw: the water flux of a membrane (L/m2/h) 

Js: the RSF of a membrane (g/m2/h) 

Vt: the volume of draw tank at time t 
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Vo: the volume of draw tank at time 0 

Ct: the concentration of the draw solute in the feed tank at time t 

C0: the concentration of the draw solute in the feed tank at time o 

A: the membrane area (m2) 

t: operating time 

The concentration of the draw solute in the feed tank was determined using predetermined 

calibration curve of NaCl where the conductivity was measured and converted to NaCl 

concentration. 

Rejection efficiency was determined using the following equation (Eq. 3): 

R = (1 − 𝐶𝐶𝑝𝑝
𝐶𝐶𝑓𝑓

)  (3) 

   where, R is the rejection efficiency by a membrane (%), Cp is the concentration of the 

permeate at time t, and Cf is the concentration of the feed solution at time 0. 

The adsorption mass on the FO membrane can be calculated as following equation (Eq. 4): 

Adsorption (𝑢𝑢𝑢𝑢/𝑐𝑐𝑐𝑐2)  = 𝐶𝐶𝑖𝑖𝑓𝑓𝑉𝑉𝑖𝑖𝑓𝑓 − 𝐶𝐶𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓 − 𝐶𝐶𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓
𝐴𝐴𝑚𝑚 

      (4) 

where 𝐶𝐶𝑖𝑖𝑖𝑖 is the molar concentration in the initial FS, 𝑉𝑉𝑖𝑖𝑖𝑖 is the volume of the initial 

FS. 𝐶𝐶𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑖𝑖𝑖𝑖 is the molar concentration and volume in the final FS , 𝐶𝐶𝑖𝑖𝑓𝑓 and 𝑉𝑉𝑖𝑖𝑓𝑓 is the 

molar concentration and volume of the final FS, 𝐴𝐴𝑚𝑚 is the effective membrane area of the FO 

cell. 
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3. Results and discussion 

3.1 Rejection of algae metabolized materials 

 In this section, the experiments were conducted to determine the removal efficiency of 

algae metabolized materials using lab-scale FO process. Algae metabolized materials can be 

divided into two categories: One is taste and odor materials, and another one is toxin materials. 

In order to clarify the algae metabolized materials’ removal mechanism by FO, the mass 

balance was made by measuring the concentration of initial FS, concentrated FS (CFS), diluted 

DS (DDS) and membrane surface. 
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Fig. 3 Rejection of (a) geosmin, (b) 2-MIB and (c) MC-LR when Temp. of FS and DS was 

20oC (1. FS; 2. CFS; 3. DDS; 4. Membrane; 5. Rejection) 

 

 Figs. 3a and b show the concentration of each part and rejection efficiency of the taste 

and odor materials in the FO process at constant temperature of 20oC. Both geosmin and 2-

MIB (taste and odor materials) showed a high rejection efficiency of 99.86±0.014 and 

99.80±0.014 %, respectively. In general, taste and odor materials are rejected by size exclusion, 

charge repulsion and adsorption onto the membrane [32, 34, 37]. Pore size and surface charge 

of PA based TFC FO membrane are around 0.42 nm and –17 mV, respectively (S. 3) [38]. The 

surface charge of taste and odor materials is nearly zero (0), and they can be approach easily 

approach to the membrane surface through the electro double layer on PA based TFC FO 

membrane and attached to the membrane surface. This means that the effect of charge repulsion 

to the taste and odor materials is negligible. Therefore, the adsorption onto the negatively 

charged membrane surface and the removal by size exclusion (geosmin and 2-MIB size is 

approximately 1 and 0.7 nm) are considered to be the main removal mechanisms of taste and 

odor materials in the FO process [26]. The geosmin concentration in FS was 3.50 mg/L but it 

was 1.08±0.03 mg/L in CFS, and the adsorption amount on the membrane surface was 2.45 

mg/L (0.122 mg/cm2). In the case of 2-MIB, the concentration of FS was also 3.50 mg/L, in 

the CFS it was 1.94±0.02 mg/L, and the adsorption amount on the membrane surface was 1.53 

mg/L (0.077 mg/cm2). Because these taste and odor materials, geosmin and 2-MIB, have 

different molecular structures and weights, rejection mechanism can be different between two 

compounds [22, 25]. The physico-chemical differences of taste and odor materials will be 

discuss in section 3.2. Fig. 3c shows the rejection efficiency of algal toxin material (MC-LR), 
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its concentration in FS, CFS, and DDS and on the membrane surface as well as water flux. 

MC-LR was also highly rejected by PA based TFC FO membrane with rejection efficiency 

greater than 97.4 %. PA based TFC FO membrane has relatively high removal efficiency for 

MC-LR, due to size exclusion, its surface charge, and fractionation. MC-LR has hydrophilic 

carboxyl group and hydrophobic 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4.6-

dienoic acid (ADDA) residue. Therefore, MC-LR can adsorbed onto the PA based TFC FO 

membrane due to hydrophobic interaction since MC-LR is composed of amino acids 

possessing hydrophobic properties in aqueous media, especially the highly hydrophobic ADDA 

residue. In addition, surface charge of MC-LR is relatively negative (-1 mV) in wide range of 

pH values (from 3 to 12) due to the dissociation of carboxyl group and the size and molecular 

weight of MC-LR is 3 nm and 900 - 1,100 Da respectively [24, 27]. The adsorption amount on 

the surface of the membrane was about 44.5% (2.21 μg/L, 0.110 μg/cm2) of the FS 

concentration (5 μg/L). This suggests that the main removal mechanism of MC-LR is the 

adsorption, where hydrophobic interaction and hydrogen bonding are played key roles in the 

adsorption. Several previous researches suggested that electrostatic repulsion is the major 

removal mechanism in membrane processes such as UF, NF, RO and FO. Even though MC-

LR is negatively charged in most pH levels, it is only weakly charged in solution phase. This 

means that, in the case of MC-LR removal, the effects of electrostatic repulsion is negligible. 

Additional considerations of rejection are surface architectural characteristics of the membrane 

(pore size, porosity, roughness, tortuosity, and thickness) and the FO performance, such as 

water flux and RSF. Water flux and RSF value depend on driving force called by osmotic 

pressure difference. High water flux means that large amount water molecules can pass through 

the FO membrane. At that time, contaminant also move to feed solution to draw solution side. 

Some previous studies prove the effects of water flux and RSF on rejection and fouling rate on 
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FO membrane [31, 39]. The results indicated that PA based TFC FO membrane is a safe barrier 

for MC-LR. As mentioned above, physico-chemical characteristics, morphology of membrane 

surface and operation conditions are the major factors that influence the removal of algae 

metabolized materials.  

 

3.2 Effect of temperature 

 In the FO process, operation conditions are the dominant influential factors that 

determine water flux and RSF [20, 39]. Among the operation conditions, temperature is a 

governing factor for mass transfer coefficient and membrane properties such as structural 

parameters, water permeability, salt permeability, and concentration polarization (CP) effects 

[30, 31, 40]. In practical aspect, because FO used two water resources at different sides, 

temporal and spatial variations of temperature difference can affect the membrane performance 

significantly [22]. Therefore, in this section, in relation to one of the influencing factors, the 

algae metabolized materials removal efficiency was investigated according to the temperature 

difference of FS and DS and the transmembrane temperature difference. 

 

3.2.1 Performance with temperature difference 

Water flux and RSF values of PA based TFC FO membrane were significantly affected 

by FS and DS temperatures (Fig. 4). When the temperatures of FS and DS are equally increased 

from 10 to 30 ℃, both water flux and RSF also increased. Water flux and RSF increased from 

11.7±6.3 to 27.9±3.5 LMH and from 38.1±0.32 to 55.5±0.77 GMH, respectively. This may be 

due to the effects of temperature-dependent parameters, such as water permeability coefficient, 
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mass transfer coefficient, osmotic pressure, viscosity and solute diffusivity. These factors 

enhance the water permeability and mass transfer coefficient and reduce viscosity, resulting in 

increased water flux and RSF values. These results are in a good agreement with the results 

from the previous studies related to temperatures in membrane field [12, 40]. With these results, 

our research team could hypothesize that the membrane performance changes with respect to 

temperature due to the changes in membrane intrinsic properties of the solution that greatly 

depend on the temperature. Therefore, changes in physicochemical properties and membrane 

performance are expected to affect the removal mechanism of the algae metabolized materials 

[41]. 

 

Fig. 4 Water flux and RSF of FO process depending on temperature 
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3.2.2 Rejection with temperature difference 

 Overall, the rejection efficiencies of taste and odor, and toxin materials generated from 

the algal metabolism were higher than 99% when the temperature of FS and DS were equally 

changed (Table 2). However, the major rejection mechanism of MC-LR, geosmin and 2-MIB 

were different. Depending on the physico-chemical properties of the materials, the amounts of 

materials in CFS and on membrane surface were different. For example, when the both 

solutions were at 10℃ the geosmin had 1.07±0.04, and 2.42 mg/L (0.119 mg/cm2) on the CFS 

and membrane surface, respectively. The 2-MIB had 1.92±0.04, and 1.53 mg/L (0.076 mg/cm2) 

on the CFS and membrane surface, respectively and 4.24±0.10 and 0.58 mg/L (0.029 mg/cm2) 

on the CFS and membrane surface of the MC-LR. Based on these results, the main removal 

mechanism can be determined: whether it is size exclusion and adsorption, or the electrostatic 

repulsion. Between the algae metabolized materials and the FO membrane, depending on the 

functional group of the algae metabolized materials and the FO membrane surface, electrostatic 

repulsion and attraction occurs. A repulsion is a force that pushes two objects together, and 

attraction is a force that pulls two objects together. These concept was directly-opposed ideas. 

Therefore, we assume that the electrostatic repulsion was not act in adsorption phenomenon. 

As shown in Table 2, we analyzed algae metabolized materials in FS, CFS and DDS, and then 

calculated to adsorption rate. Depending on the concentration of the algae metabolized 

materials in each solution and the amount of adsorption on the surface of the FO membrane, 

the dominant action of the algae metabolized materials can be explained. Interestingly, as the 

temperature of FS and DS increased, the MC-LR concentration adsorbed or deposited on the 

membrane surface gradually increased. These results may be due to MC-LR, which was 

removed by electrostatic repulsion, was removed by size exclusion and adsorption. On the other 
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hand, in the case of the neutrally charged geosmin and 2-MIB, there was no change in the 

removal mechanism with the temperature change. MC-LR has a relatively negative surface 

charge in the solution phase. Therefore, it is expected that an increase in water permeability 

(driving force) with an increasing temperature on both sides offset the electrostatic repulsion 

force between the membrane surface and the MC-LR. However, geosmin and 2-MIB, which 

have relatively small size and molecular weight compared to MC-LR and have neutral charge, 

did not have a significant effect on the removal mechanism when temperatures on both sides 

were changed. Furthermore, geosmin has a lower solubility (0.051 g/L) and a higher kow (3.70) 

value compared to 2-MIB (0.45 g/L and 3.13, respectively). In other words, geosmin is more 

hydrophobic than 2-MIB, and therefore it has a very high possibility of hydrophobic-

hydrophobic interaction with the membrane surface. Another reason can be explained by the 

chemical structures of algal metabolized materials. As the temperature of FS and DS equally 

increased except for 2-MIB, the adsorption and deposition rate on the membrane surface were 

increased: geosmin (68 – 70 – 75%), 2-MIB (44 – 44 – 42%) and MC-LR (12 – 44 – 76%) as 

shown in Table 2. MC-LR had a dramatic increase in the rate of adsorption and deposition on 

the membrane surface when the temperature in both sides were increased due to the molecular 

structural characteristics of MC-LR. For MC-LR, two negative monovalent and one positive 

monovalent are generated in the water phase (negative charge, -1). In other words, MC-LR has 

high possibility of attraction intermolecular force. However, both geosmin and 2-MIB have a 

neutral surface charge in water phase, and the intermolecular force between them is relatively 

lower than MC-LR. In addition, van der Waals force is acting between nonpolar and nonpolar 

materials, which is relatively weaker than the intermolecular force of polar materials. Therefore, 

MC-LR with high molecular weight and polarity has strong attraction between each molecules 

due to the increased water mobility with increased temperature in both sides. This resulted in 
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an increased ratio between adsorbed and deposited molecules. However, geosmin and 2-MIB 

are adsorbed and deposited on the membrane surface due to the van der Waals forces and the 

physicochemical properties of the membrane surface. In this case, a relatively low attraction 

force occurs between the materials as compared with the MC-LR. In addition, the difference in 

adsorption and deposition rate between geosmin and 2-MIB can be explained by the molecular 

structure of each substance. Geosmin has a flat molecular structure (without side chains) 

compared to 2-MIB (Fig. S.2). Therefore, geosmin has higher possibility of 

deposition/adsorption on the membrane surface than 2-MIB (side chain). Thus, the adsorption 

and deposition rates of geosmin and 2-MIB are different due to the molecular 

structural/morphological characteristics and the surface morphological characteristics of the 

membrane surface. 

 

Table 2 Algae metabolized materials concentration of each solution at different temperature 

(FS=DS) 

Temp. 

(FS/DS) 
Type 

FS 

(mg) 

CFS 

(mg) 

DDS 

(mg) 

Membrane 

(mg) 

(mg/cm2) 

Deposition 

& 

Adsorption 

(%) 

Rejection 

rate 

(%) 

10/10 

GS 3.5 1.07±0.04 0.007±0.002 
2.423 

0.119 
68 99.87 

2-MIB 3.5 1.92±0.04 0.005±0.003 
1.533 

0.077 
44 99.80 
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MC-

LR 
5 4.24±0.10 0.107±0.013 

0.576 

0.029 
12 98.45 

20/20 

GS 3.5 1.08±0.03 0.006±0.001 
2.445 

0.122 
70 99.86 

2-MIB 3.5 1.94±0.02 0.009±0.001 
1.532 

0.077 
44 99.80 

MC-

LR 
5 2.63±0.03 0.140±0.01 

2.210 

0.110 
44 97.40 

30/30 

GS 3.5 0.88±0.02 0.007±0.001 
2.634 

0.132 
75 99.82 

2-MIB 3.5 1.99±0.05 0.007±0.001 
1.452 

0.723 
42 99.77 

MC-

LR 
5 1.01±0.03 0.260±0.04 

3.800 

0.190 
76 95.70 

        

* FS: feed solution, CFS: concentrated feed solution, DDS: diluted draw solution. 

  

3.2.3 Performance with transmembrane temperature difference 

Generally, FO process required two difference water resources. One is low concentration 

sources, another is high concentration sources. Usually, low concentration sources were fed 

from wastewater, water reservoir, and lake. However, high concentration water resources were 

fed from sea water. Climate change affects all regions around the world. In particular summer 

and winter season can affect to the temperature of water resources. Average range of seawater 
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temperature was 10 to 15℃ except for the Mediterranean ocean and region of the equator. In 

addition, since the occurrence of algae bloom at 25-30℃, transmembrane temperature 

experiment was essential. 

 

Fig. 5  Water flux and RSF of FO process depending on transmembrane temperature 

 

 Fig. 5 shows the water flux and RSF values when transmembrane temperature is 20oC 

and the temperature of FS and DS solution is changed to 10 and 30℃, respectively. The higher 

water flux (18.1±6.2 LMH) and lower RSF (41.5±2.0 GMH) were observed when FS 

temperature was higher than DS temperature (FS = 30℃ and DS = 10℃). However, RSF value 

tendency was different. As illustrated in Fig. 5, at fixed temperature of FS and DS (10 and 30℃) 

it was resulted in the water flux and RSF values of 15.0±4.6 LMH and 54.2±5.7 GMH, 
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respectively. With high FS temperature, the diffusivity of water molecules increased and water 

molecules can hinder the solute flow. NaCl and MgSO4 have different hydrate radius 

represented by nuclear charge (Na: 10.62, Mg: 11.61). Also, in water solution phase, those ions 

are surrounded with the water molecules, and the molecule radius of hydrated Mg2+ (0.30 nm) 

is larger than that of hydrated Na+ (0.18 nm) because Mg2+ can attract more water molecules 

[41]. In addition, viscosity decreased when temperature increased. The decrease in viscosity 

can enhance the water transporting kinetics through the membrane. The high DS temperature 

enhanced solute diffusivity and osmotic pressure resulted in the improvement of solute 

transporting kinetics in membrane surface. In addition, high RSF value can affect concentrated 

external concentration polarization (CECP) layer in active layer side. CECP layer directly 

influenced osmotic pressure on membrane surface thereby reduce osmotic pressure difference. 

From the results, the transmembrane temperature significantly affects the FO performance and 

the temperature of FS contributes to the FO performance more than the temperature of DS. 

 

3.2.4 Rejection with transmembrane temperature difference 

 As shown in Table 3, the rejection efficiency of all algal metabolized materials 

according to the transmembrane temperature difference was higher than 93%. Geosmin and 2-

MIB showed a high removal efficiency higher than 99% in the despite of the transmembrane 

temperature difference condition. However, the MC-LR showed 98.5% and 93.1% removal 

efficiency with different FS and DS temperature conditions: 10 and 30℃, and 30℃ and 10℃ 

conditions, respectively. It is relatively low rejection efficiency compared to the geosmin and 

2-MIB contained FS. Interestingly, although there is no significant difference in the rejection 

efficiency with different temperature conditions of FS and DS, it has been observed that the 
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rejection mechanism of PA based TCF FO membrane are influenced by the temperature 

condition. In addition, it was expected that the changed water flux and RSF values in the FO 

have an impact on the rejection of algae metabolized although overall rejection efficiencies 

were not significantly affected. 

 

Table 3 Algae metabolized materials concentration of each solution at transmembrane 

temperature (FS/DS) using NaCl as DS 

Temp. 

(FS/DS

) 

Typ

e 

FS 

(mg

) 

CFS 

(mg) 

DDS 

(mg) 

Membran

e 

(mg) 

(mg/cm2) 

Deposition 

& 

Adsorptio

n 

(%) 

Rejectio

n eff. 

(%) 

10/30 

GS 3.5 0.83±0.03 0.006±0.001 
2.664 

0.133 
76 99.87 

2-

MIB 
3.5 1.06±0.06 0.005±0.005 

2.435 

0.122 
69 99.74 

MC-

LR 
5 

4.390±0.1

5 
0.076±0.003 

0.529 

0.026 
11.0 98.48 

30/10 

GS 3.5 0.87±0.12 0.007±0.003 
2.608 

0.130 
75 99.48 

2-

MIB 
3.5 1.58±0.1 

0.0055±0.00

1 

1.915 

0.096 
55 99.80 
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MC-

LR 
5 

0.627±0.0

9 
0.347±0.091 

4.026 

0.201 
80.5 93.06 

* FS: feed solution, CFS: concentrated feed solution, DDS: diluted draw solution. 

 For both cases of transmembrane temperature, the adsorbed and deposited rate of the 

algae metabolized materials on the PA based TFC FO membrane were different from same 

temperature of FS and DS. Rejection efficiency and, adsorption and deposition rate of geosmin 

and 2-MIB were relatively similar with same temperature at both sides. However, when the 

temperature of FS is lower than DS (FS: 10℃ and DS: 30℃) and the temperature of FS is 

higher than DS (FS: 30℃ and DS: 10℃), the deposition and adsorption amounts of MC-LR 

are 0.529 and 4.026 μg, respectively. Transmembrane temperature difference does not have a 

significant effect on the rejection efficiency and mechanism. However, MC-LR was affected 

by transmembrane temperature difference significantly. When the DS temperature is 20℃ 

higher than FS, it shows a higher rejection efficiency (98.5 > 93.1%) and a lower membrane 

deposition and adsorption rate (11 < 80%) compared to when FS temperature is higher than DS 

temperature. These results can be explained by the solution characteristics. As the DS 

temperature increases, the diffusion coefficient also increases, resulting in a high RSF. Solutes 

passing from the DS side to the FS side (called as RSF) inhibit the adsorption and deposition 

of the polar MC-LR on the membrane surface due to charge repulsion and increase the rejection 

rate. However, when the FS temperature is higher than the DS, the diffusion and activation 

coefficient of MC-LR both increase, which is a polar material that exist in the FS. As a result, 

the absorption and deposition rate of the polar MC-LR and the deposition rate are relatively 

increased. 
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3.2.5 Effect of RSF valance 

Both transmembrane temperature difference between FS and DS and the effects of 

RSF were found to affect the rejection rate and rejection mechanism. For this reason, in this 

section we used MgSO4 (divalent ion) as the draw solute to reduce the RSF value and maintain 

the water flux as that selected when using NaCl as the draw solute to determine the effect of 

RSF (Magnesium sulfate (MgSO4) concentration was 2.5 M). As shown in Fig. 6, the water 

flux and RSF values were observed as follows (FS: 10, DS: 30 - Water flux: 14.0±2.1 LMH, 

RSF: 23.1±5.1 GMH / FS: 30, DS: 10 – Water flux: 17.5±3.1 LMH, RSF: 19.0±3.8 GMH). 

When divalent ion (MgSO4) was used for draw solutes, relatively low RSF value was observed 

compare to the monovalent ion (NaCl) as draw solutes due to size of divalent ion low diffusion 

rate monovalent ion and effects of intensified size exclusion can acted ion shielding and 

nonspecific size reaction. Also, when FS temperature higher than DS, diffusivity of water 

molecule in FS was increased and viscosity was decreased, thereby increasing water flux and 

decreased RSF. This results were similar with previous studies and it was concluded that FO 

performance attributed by temperature was dependent on the properties of feed and draw 

solution. [30]. 
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 Fig. 6 Water flux and RSF of FO process depending on transmembrane temperature when 

draw solute using MgSO4 

 

Table 4 show the rejection efficiencies and concentrations of each solution of PA based 

TFC FO membranes using divalent ions (MgSO4) as draw solute for removal of algal 

metabolized materials. For geosmin and 2-MIB, the effect of RSF is negligible for the rejection 

rate and rejection mechanism when FS temperature is lower than DS temperature (compared 

to Table 3). As mentioned in section 3.2.3, reverse draw solutes can affect to the membrane 

performance due to hydrated radius of solutes. For geosmin and 2-MIB, the rejection rate is 

similar to the case where the RSF value is higher and when the FS temperature is higher than 

the DS temperature due to the size of geosmin (0.91 nm) and 2-MIB (0.84 nm) was higher than 
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pore size of FO membrane (0.42 nm). However, the deposition and adsorption rates of the 

membrane surface increased by 15 and 25%, respectively. For MC-LR, the rejection rate and 

adsorption rate are observed to be 96.3% and 45.4%, respectively, when the FS temperature is 

lower than the DS temperature. Also, when the FS temperature is higher than the DS 

temperature, the removal rate and the adsorption rate were 94.8% and 50.8%, respectively. 

Compared with the use of monovalent ions as the draw solute, the rejection efficiency was 

reduced, and the adsorption and deposition rates were also significantly different. Interestingly, 

the major rejection mechanism was changed depending on the temperature and transmembrane 

temperature difference (effects of hydrated radius and membrane surface charge and RSF 

repulsion to surface deposition and adsorption). However, there was no significant difference 

in the rejection mechanism of MC-LR when divalent ions were used as draw solute.  

 

Table 4 Algae metabolized materials concentration of each solution at transmembrane 

temperature (FS/DS) using MgSO4 as DS 

Temp. 

(FS/DS) 
Type 

FS 

(mg) 

CFS 

(mg) 

DDS 

(mg) 

Membrane 

(mg) 

(mg/cm2) 

Deposition 

& 

Adsorption 

(%) 

Rejection 

eff. 

(%) 

10/30 

GS 3.5 0.74±0.03 0.075±0.005 
2.69 

0.134 
76.9 99.8 

2-

MIB 
3.5 1.36±0.04 0.075±0.002 

2.07 

0.103 
59.1 99.8 
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MC-

LR 
5 2.55±0.05 0.18±0.06 

2.27 

0.113 
45.4 96.3 

30/10 

GS 3.5 0.31±0.04 0.021±0.001 
3.17 

0.158 
90.6 99.5 

2-

MIB 
3.5 0.7±0.1 0.011±0.002 

2.79 

0.139 
79.7 99.7 

MC-

LR 
5 2.2±0.1 0.26±0.05 

2.54 

0.127 
50.8 94.8 

* FS: feed solution, CFS: concentrated feed solution, DDS: diluted draw solution. 

 

3.3 Implications for FO operation 

 Main implication of algae metabolized materials rejection and rejection mechanism 

depending on temperature and transmembrane temperature difference was test-bed considered 

data base. This research results were applying operating conditions that can occur in actual 

process operating conditions that can occur in real plant when considering type of water 

resources, seasons, and regions. This result suggests the possibility of applying the FO process 

for not only purpose of treating and solving the algae blooming problems caused by the global 

warming effects but also emerging contaminants in wastewater. Depending on the temperature 

difference of each solution, the amount of RSF and draw solutes valance, the amount of algae 

metabolized materials deposited and /or adsorbed on the membrane surface is relatively 

dominant compare to the other rejection mechanisms. Therefore, to effective remove and/or 

control the algae metabolized materials, physicochemical properties of the membrane surface 

should be maintained similar to the virgin membrane through periodic physical cleaning and 
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back washing. In addition, if there is a temperature difference between FS and DS depending 

on the seasons or intake sites, it is necessary to carry out process operation considering both 

sides of temperature for maintain removal efficiency and performance. It is possible to suggest 

a major rejection mechanism according to various operating conditions and solution 

characteristics. Providing meaningful information not only the removal of algae metabolized 

materials but also the integrated with temperature (temperature difference) based water 

treatment process and the removal of micro pollutants and micro plastics. 

 

4. Conclusions 

In this study, evaluation of PA based TFC FO membrane performance according to the 

temperature and transmembrane temperature difference was evaluated. Overall rejection rate 

of algae metabolized materials was 93 ~ 99% and FO membrane is applicable for treating algae 

bloomed water. Changed water and solutes diffusivity, membrane surface morphology, solutes 

chemical properties and structural characteristics due to effects of temperature affected the 

rejection rate and rejection mechanism. The effect of molecular structure was more dominant 

compared to the temperature in geosmin and 2-MIB (neutral surface charge) rejection. 

However, in the case of MC-LR, the diffusivity and permeate flow velocity of polar material 

increased by temperature and polar materials interfacial attraction are removed from the PA-

based TFC FO membrane. The removal efficiency of algae metabolized materials according to 

RSF value was not significantly affected, but the removal mechanism (electrostatics interaction 

and repulsion) was affected by the RSF. The results demonstrated that PA based TFC FO 

membrane can be applied to remove algae metabolized materials from the algae bloomed water. 

Consequently, important parameters (water flux, RSF value/valance and adsorption ratio)   
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depending on temperature and transmembrane temperature can providing useful information 

not only algae bloom water but also micro-plastic and micro-pollutants from various water 

resources. 
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