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บทคัดย่อ 
 
 น้ำทิ้งจากโรงงานสกัดน้ำมันปาล์มมีองค์ประกอบของสารอาหารที่หลากหลาย จึงเกิดแนวคิด
ของการบำบัดน้ำเสียดังกล่าว และการนำสารอาหารที่ได้จากการบำบัดกลับมาใช้ใหม่และกำจัด 
วิธีการนี้สามารถพัฒนาเทคโนโลยีการบำบัดน้ำเสียเข้าสู่ความยั่งยืนได้ ในการศึกษาได้ใช้ถังปฏิกรณ์
ชีวภาพเมมเบรนแบบไร้อากาศแบบสองขั้นตอนร่วมกับกระบวนการฟอร์เวิรด์ออสโมซิสของเมมเบรน
เพ่ือบำบัดน้ำทิ้งการจากสกัดน้ำมันปาล์ม โดยมีการเปรียบเทียบประสิทธิของเมมเบรนในเชิงพาณิชย์
สองชนิ ดคื อ เมมเบรน  thin film composite membrane (TFC) และ cellulose triacetate 
membrane (CTA) และใช้โซเดียมคลอไรด์เป็นสารละลายดึงในความเข้มข้นที่แตกต่างกันคือ 2.0 
3.0 และ 4.0 โมลาร์ การใช้วิธีนี้เพ่ือต้องการแยกสารอาหารที่เป็นองค์ประกอบในน้ำทิ้งที่ผ่านการ
บำบัดด้วยระบบถังปฏิกรณ์ชีวภาพเมมเบรนชนิดไร้อากาศแบบสองขั้นตอน ดำเนินการทดลองใน
ระดับห้องปฏิบัติการโดยควบคุมการเดินระบบแบบต่อเนื่องเป็นเวลา 9 เดือน ด้วยอัตราภาระบรรทุก
สารอินทรีย์ที่ 43 57 และ 99 กิโลกรัมซีโอดีต่อลูกบาศ์เมตรต่อวัน การก่อตัวและสะสมของสารพอลิ
เมอร์นอกเซลล์ ทำให้มีการยึดเกาะของฟิล์มชีวภาพบนพ้ืนผิวของเมมเบรน พบว่าในระยะที่สองของ
การป้อนน้ำเสียเข้าถังปฏิกรณ ์ก่อเกดิปริมาณพอลิแซ็กคาไรด์และโปรตีนในชั้นเค้ก โดยอัตราส่วนของ
พอลิแซ็กคาไรด์ต่อโปรตีนเท่ากับ 0.26-0.28 การเพ่ิมขึ้นอัตราการป้อนสารอินทรีย์ให้สูงขึ้น ทำให้
อัตราส่วนสารอาหารต่อจุลชีพในถังเพ่ิมสูงขึ้นด้วย ขณะเดียวกันความเข้มข้นของสารพอลิเมอร์นอก
เซลล์ และความดันในเมมเบรนเพ่ิมสูงขึ้นด้วย กล่าวได้ว่าการเปลี่ยนแปลงค่าความดันระหว่างเมม
เบรน ก่อให้เกิดกลไกของการยึดเกาะ การดูดซับ และการดักจับของพอลิเมอร์นอกเซลล์ ที่มี
องค์ประกอบคือโปรตีน มาอุดตันในรูพรุนของเมมเบรน อย่างไรก็ตามปฏิกิริยาการสร้างมีเทนในถัง
ปฏิกรณ์ถูกยับยั้งโดยแบคทีเรียกลุ่มผลิตกรด เนื่องจากการสะสมของกรดไขมันระเหยง่ายในรูปกรด 
อะซิติกสูงถึง 30 เปอร์เซ็นต์ และทำการคำนวณอัตราส่วนของการเกิดไฮโดรไลซิสพบว่าสูงถึง 13.76
เปอร์เซ็นต์ ในเฟสสาม และทำให้เกิดการผลิตก๊าซมีเทนลดลง จากการเปรียบเทียบประสิทธิภาพของ
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เมมเบรนชนิด TFC กับ CTA พบว่าเมมเบรนชนิด TFC มีผลการซึมผ่านของน้ำได้สูงในกระบวนการ
ฟอร์เวิรด์ออสโมซิส  แต่สูญเสียฟลักซ์ของน้ำมากกว่าเมื่อเปรียบเทียบกับเมมเบรน CTA เพราะ CTA 
เกิดการแพร่กระจายของแคลเซียม ไอออน จึงก่อให้เกิดการเพ่ิมขึ้นของชั้นเค้กบนชั้นผิวของเมมเบรน 
(active layer) นอกจากนี้กระบวนการฟอร์เวิรด์ออสโมซิสสามารถกำจัดสารอาหารในน้ำทิ้งที่ผ่าน
การบำบัดแบบสองขั้นตอน โดยให้ประสิทธิภาพการกำจัดฟอสฟอรัสและแอมโมเนียได้สูงถึง 90-100 
เปอร์เซนต์ ดังนั้น กระบวนการฟอร์เวิรด์ออสโมซิสสามารถคัดแยกและนำสารอาหารกลับคืนได้ และ
ลดต้นทุนของสารเคมี และสามารถลดสารอินทรีย์และสารอนินทรีย์ได้ อย่างไรก็ตาม สารอาหาร
จำพวกไนโตรเจน ฟอสฟอรัส และโปแตสเซียมเป็นปุ๋ยที่สำคัญสำหรับพืช ดังนั้นการผลิตเป็นปุ๋ยน้ำจึง
เป็นทางเลือกที่ด ี
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ABSTRACT 

 

 Palm oil mill effluent (POME) contains abundant nutrients. The concept of 

POME treatment and nutrient recovery/removal applied as a sustainable development 

of wastewater treatment technologies. Two-stage submerged anaerobic membrane 

bioreactor (2-sAnMBR) combining with forward osmosis membrane (FO) was used 

to treatment POME. Two types of membranes including a commercial thin film 

composite (TFC) and cellulose triacetate (CTA), and different concentration of draw 

solutions which used NaCl as draw solution that including 2.0M, 3.0M and 4.0M 

were adopted to investigate the separated of nutrient in the permeate two-stage 

sAnMBR. In this work, the long-term operational control of the two-stage sAnMBR 

maintained organic loading rate (OLR) of 43, 57 and 99 kgCOD/m3/day in 9 months 

continuous operation of lab-scale. The formation and accumulation of extracellular 

polymeric substances (EPS) cause the adherence of biofilms to surfaces membrane. 

The phase II of two-stage sAnMBR shown polysaccharide and protein content in the 

cake layer; the ratio of polysaccharide/protein (C/P) was 0.26-0.28. The increasing of 

OLR led to high F/M ratio meanwhile the EPS concentrate and transmembrane 

pressure (TMP) was increased. The evolution of TMP indicated that attachment 

mechanisms, adsorption, and entrapment of protein EPS occurred in the pores of 

membrane (clogging).  Nevertheless, the methanogenesis activity in sAnMBR was 

inhibited by acidogenesis bacteria due to the accumulated of volatile fatty acid (VFA) 

that acetic acid was highest about 30% however the calculation of hydrolysis ratio 

found up to 13.76% in phase III. A high concentration of VFA can inhibit 

methanogenesis occurred the rising of OLR causing to low methane yield. TFC 

membrane exhibited higher water permeability in FO process but more loss of water 

flux in comparison with CTA; the diffusion of Ca2
+ ion in CTA, enhanced a cake 

layer formed on the membrane's active layer. Furthermore, the efficiency of nutrient 

removal by FO system reported phosphorus and ammonia up to 90-100% thus FO 

capability can recover nutrients and reduce chemical costs and it can decrease 

organic/inorganic substances. Moreover, the nutrients; nitrogen, phosphorus, and 

potassium were the most important of plant fertilizer so the best way to water 

fertilizer produce. 
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1 

CHAPTER 1 

INTRODUCTION 

 

1.1 State of art  

 The industrial processing of oil palm in Thailand is expanding rapidly that plays 

significant role in Thailand economy. Thai Office of Agricultural Economics reported 

Thailand accounted for 3.8% of the global total Palm Oil production in 2021. In the 

other hand, growth rate of oil palm business led to an important source of wastewater 

is palm oil mill effluent (POME) and palm oil mill sludge (POMS). The increasing 

demand for the consumption of edible oils and energy (biodiesel) led to the primary 

growth of the palm oil industry; thus, it will be causing to higher POME. POME has a 

highly concentrated pollutant that significantly impacts the environment. In contrast, 

POME has a high potential for being convert into an alternative renewable energy 

source. The biological process used to treat POME that shown in anaerobic digestion 

(AD) which decreases treatment costs by increasing the digestion rate. However, the 

anaerobic system has an alternative for responding to many research types that classify 

one and two-stage. In addition, the advantage of two-stage AD for optimal conditions 

for each group of microorganisms, which higher methane production. Furthermore, the 

COD removal efficiency is 82-96 percent of AD, leading to increased biogas production 

and highly CH4 yield [1,2]. On the other hand, Abdurrahman et al [3] applied AnMBR 

for POME treatment with a high percentage of COD removal 96.6-98.4 percent for 

treating POME. The efficiency of AnMBR was higher biogas production that brought 

to higher CH4 yield when compared with AD. 

 Anaerobic membrane bioreactor (AnMBR) is biotechnology reactor that 

combined both anaerobic digestion and membrane filtration. AnMBR is also applied as 

an alternative treatment to high strength or hardly biodegradable to obtain the high-

water quality and renewable energy as POME. In addition, the advantages of AnMBR 

are high biomass concentrations, high organic loading rates, excellent effluent quality, 

low sludge production, a small footprint, and net energy production [4]. Therefore, 
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integrating anaerobic membrane treatment in the form AnMBR can help to control the 

growth rate of anaerobic microbial and biomass retention [5] and favors the 

maintenance of slow growth microorganisms such as methanogens. However, the 

methanogenic bioreactor can be coupled with a membrane filtration system in a two-

stage anaerobic digestion system. The reaction of acidogenesis in the first stage could 

prevent acidogenesis growth in the methanogenic bioreactor, enhancing sludge 

properties and filtration performance [6,7,8]. Generally, the external configuration is 

higher flux, easier cleaning and replacement of membrane but high energy 

consumption. The submerged configuration or named submerged anaerobic membrane 

reactor (sAnMBR) is lower energy consumption by placing the membrane module and 

wastewater into the mixed in reactor. The characterization of fouling phenomena was 

focused in sAnMBR. Several pieces of research showed the process of decreasing and 

controlling membrane fouling in AnMBR, including pretreatment of the feed water; 

improvement of the membrane properties; and optimization of the hydrodynamic 

conditions by air sparging, liquid recirculation and crossflow [9,10,11]. Moreover, 

hydrodynamic conditions and increasing of shear stress are the main point in membrane 

fouling mitigation. Wang et al [12] presented small flocs from sludge caused a high 

membrane fouling rate. Chen et al [13] and Martin-Garcia et al [14] reported the solid 

and colloidal organics are adsorbed and biodegraded inside the granular sludge led to 

less membrane fouling. The effect of coagulation on the aggregation of fine particles to 

accumulate on the top of the membrane surface (cake layer) due to inertial and 

gravitational forces [11]. The cake layers can be formed rapidly within 1 hour, making 

the effluent suspended solids (SS) concentration [15,16,17] which the adsorption, 

deposition, and accumulation process [18]. The affected factor of fouling in the 

membrane that was foulant such as sludge, extracellular polymeric substances (EPS), 

soluble microbial products (SMP), organic and inorganic particles, and the membrane 

properties, such as structural properties and membrane surface properties (e.g., surface 

roughness and surface functional groups, etc.). 

 Forward osmosis membrane (FO) is the separation system by a semi-permeable 

membrane that operating based on osmotic pressure; low and high osmotic pressure in 

feed solution and draw solution, respectively. FO has been used for treat the various 
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complex wastewater and wastewater reclaim the for recovery. The several advantage 

of FO; operates at very low pressure, simply adequate to circulate the fluids, and the 

natural osmotic pressure in the draw solution pulls water through the membrane, 

leaving solids and foulants behind in the concentrated feed solution. Different materials 

were used for FO membranes. Cellulose triacetate (CTA) is the most commonly used 

material for FO systems. The characteristics of CTA were found to be highly resistant 

to chlorine and mostly unsusceptible to the adsorption of mineral and fatty oils, 

including petroleum [19]. CTA is less sensitive to thermal, chemical, and biological 

degradation. New generation, a commercial thin-film composite (TFC) membrane was 

reported superior to CTA [20]. TFC membrane consist with a thin, selective polyamide 

active layer on a porous supporting layer that presented higher water permeability, 

good solute rejection to sodium chloride and stability at broader pH 2-12 while it can 

be found at pH 3-8 in CTA membrane. The hydrophilic nature of cellulose renders 

these membranes readily wettable. Thus, CTA membranes can simultaneously achieve 

high water permeability and excellent fouling resistance [21]. The higher resistant to 

biodegradation and hydrolysis for TFC than CTA [22,23]. In addition, thin and highly 

porous supporting layer of CTA and TFC membranes which caused to reduce the ICP 

encountered in FO applications [24,25]. 

 From the literature reviews above, this research aims to contribute to the 

development of two-stage sAnMBR technology to study how different loadings of 

organic and constant solid retention time will affect biological activities in two-stage 

sAnMBR. The performance of this system was examined in terms of COD removal, 

CH4 yield, VFA and biogas production and their composition through the continuous 

treatment of POME and the important factor that show performance of sAnMBR 

filtration and fouling mechanisms.  Furthermore, two-stage sAnMBR coupled with FO 

system was conducted in lab scale. FO process was studied of effecting in the different 

membrane materials and draw solution on the FO fouling. The widely use fir TFC and 

CTA membranes was used in FO system and the identification of factors that it can be 

caused to fouling mechanisms by comparing the performance of filtration. The 

performance of material filtration consists of salt rejection rate, water flux and reverse 

solute flux. The key-point of fouling mechanisms was discussed the influence of soluble 
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microbial products (SMP), extracellular polymeric substances (EPS) and the membrane 

properties, such as structural properties and membrane surface properties (e.g., surface 

roughness and surface functional groups etc.) was measured on AnMBR. Fouling of 

membrane can be broadly classified into backwashable or reversible and non-

backwashable or irreversible which based on the adhesive strength of particles to the 

membrane surface. The physical and mechanical cleaning process can be removed a 

reversible foulants such as filter back flushing, ultrasonic, rotary or vibratory shear 

enhanced. On the other hand, this process cannot eliminate the irreversible foulants 

which have to use the chemical method for removing irreversible foulants [26-30]. 

1.2 Objective 

 1.2.1 The effects of organic loading rate increasing on two-stage sAnMBR 

performance. 

 1.2.2 The comparison and identify of the factors that is causing to particles 

fouling and nutrient rejection of TFC and CTA membrane in different draw solution 

concentration and loading. 

 1.2.3 The optimum concentrate of NaCl in 2, 3 and 4 M for draw solution in FO 

process 

1.3 Scope of work 

 POME wastewater and sludge samples were collected from a covered lagoon 

bioreactor (CLBR) in the Surat Thani palm oil factory, At the beginning, wastewater 

and seed sludge were added to the reactor in a 1:1 (v/v) proportion. Then, two-stage 

anaerobic bioreactor that it consisted of an anaerobic hydrolytic reactor (HR) and 

submerge anaerobic membrane bioreactor (sAnMBR). Step of preparation POME and 

sludge for feed in the two-stage sAnMBR shown in Supplementary data of paper I 

(Figure S1 and Figure S2). However, this inoculum has been acclimatized after step 

feeding with 10% of POME concentration during four weeks in order to enhance 

sAnMBR’s startup success. Lastly, FO experiment was set up to treated the permeate 

from Two-stage sAnMBR with CTA and TFC membrane in the different of draw 
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solution concentration 2M, 3M and 4M in different OLR feeding. The scope of work 

in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Scope of work 

Overall, of experiment 

-VFA production, composition                                 

-Biogas production, composition                                            

-Acidity, Alkalinity                                        

-TKN, Oil and grease                                    

-ORP, Conductivity, pH, COD                     

- MLSS, SS, TS                                 

Substrate; Palm Oil Mill Effluent 

(POME)  

From Tha Chang Industries Group Co, Ltd 

  

(Substrate) 

Sludge (Anaerobic microbial: CLBR) 

From Tha Chang Industries Group Co, Ltd 

  

Operation condition                                                                          
Anaerobic Hydrolytic Reactor (HR) 5 L (57.2, 99.2 and 192.6 kgCOD/m3.day)                                                      

Submerge Anaerobic Membrane Bioreactor (sAnMBR) 10 L (42.6, 57.2 and 99.1 kgCOD/m3.day)                   

  

-VFA production, 

composition                                 

-Biogas production                   

-Biogas composition                                            

-Acidity, Alkalinity                               

-ORP, Conductivity, pH, 

COD,MLSS, SS, TS                           

-Membrane performance                                            

-Fouling characteristic  

-Fouling mechanisms                                 

                                    

 Material and methodology 

Two-stage submerge anaerobic membrane bioreactor 

Part 1 

Forward Osmosis system 

-Membrane performance                                            

 -Fouling characteristic and mechanisms 

-Nutrient recovery 

-Conc. of draw solution 

 

Permeate sAnMBR 

Part 2 

Performance of HR Performance of sAnMBR 
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CHAPTER 2 

RESULT AND DISCUSSION 

 

2.1 Performances of High Rate Two-Stage AnMBR for Palm Oil Mill Effluent 

Treatment 

 Two-stage submerged anaerobic membrane bioreactor (2- sAnMBR) was used 

as alternative method for treating palm oil mill effluent (POME) from Tha Chang Palm 

Oil Industries, Co., Ltd., Surat Thani in Thailand which studied of the performances of 

treatment. The POME and sludge were prepared before feed in the tank shown in 

Figure S1. It consisted of an anaerobic hydrolytic reactor (HR) 5 L and submerge 

anaerobic membrane bioreactor (sAnMBR) 10 L which made of polysulfone hollow 

fibers with a 0.025 m2 area. The POME was fed in HR with different loading (L1, L2 

and L3) 43, 57 and 98 kgCOD/m3.day. While the effluent from HR was taken for 

treatment in sAnMBR in 43, 57 and 99 kgCOD/m3.day with internal recirculation rate 

from buffer tank in 1.8, 2.8 and 5.5 L/day that shown in Figure S2. The PSf hollow 

fibers were fixed only at the bottom and operated in an outside-in flow under a vacuum 

pressure in the range of 0.15–0.25 bar, which was supplied by a peristaltic pump. The 

TMP at the head of the module was measured by the vacuum pressure gauge. However, 

the operating pH of HR and sAnMBR were kept constant at 4.3± 0.3 and 7.2 ± 0.2, 

respectively with adjustment of 2 M HCl or NaHCO3 solution. The ORP and pH were 

recorded daily in both HR and 2-sAnMBR tank. Samples were collected three times 

per week to analyze the TCOD, SCOD, TSS, TS, VS, VSS, and alkalinity, following 

the standard methods. Moreover, the VFA components and biogas was analyzed also. 

The volume of biogas production was measured via a gas counter and the composition 

of the biogas was measured via gas chromatography. The operating conditions of HR 

and sAnMBR was kept at mesophilic condition (35±5oC). Surface morphology, 

roughness and the major functional groups of biopolymers in the membrane foulants 

was analyzed at the end of operation period. In case control the fouling by 

hydrodynamic; (i) gas sparking, (ii) increase OLR and (iii) recirculation liquid in 

sAnMBR shown in Table S1. 

 The effected of increasing of OLR in HR for L1, L2 and L3 found the TCOD 

of the influent was increased. In contrast, hydrolysis processing occurred that led to the 

SCOD of the influent tended to be slightly increased. Kim et al. [31] reported the 

increasing of SCOD through solubilization or breaking down the larger molecules into 

smaller molecules or both in the digestion. The results can demonstrate the activity of 

microbes convert the organic compounds into volatile acids, as shown by the rising in 

the total VFAs. In case VFA concentration and composition was analyzed by titration 

method and gas chromatography that show in Table S2. Moreover, the increasing of 

total volatile fatty acids that can support the growth of acidogenesis microorganisms 

(L2 in HR).  However, in L2 can showed the process of hydrolysis and acidogenesis 

that convert the organic compound (TCOD) to carbon dioxide and hydrogen. The main 
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of VFAs was found in term acetic acid (26%), followed by propionic acid (20.2%) 

however, effected of the rising OLR was enhanced the VFA conversion rate, but 

appeared in only L1 and was slowly decreased in L2 and L3 in all type of VFA. The 

increasing VFA contents was correlated with SS decreased and VS contents were 

relatively stable, so it can be reasoned that the reducing the SS, i.e., fibers changed to 

VS, in form VFAs. This was confirmed by the stable SCOD in the effluent of the HR; 

the metabolism of hydrolysis and acidogenesis is rapid that change the organic 

compound to intermediary product in term VFA.   Generally, several research found 

HR does not remove COD but converts the polymers into monomers or simpler forms 

of organic compounds. However, poorly methane content about 1% of produced gas in 

its. It is confirmed this cased it be good for support the methanogens in sAnMBR 

because of the capability of hydrolysis process was effective. 

 The average COD removals of sAnMBR were 74%, 66%, and 63% for L1, L2 

and L3, respectively. The effected of OLR increasing led to TCOD rising a slight linear 

trend. The 23.9% and 34.7% of the TCOD removed with membrane filtration process. 

Moreover, incomplete biodegradation of the VFA when OLR was higher, which 

occurred the product from the hydrolysis process liked the hydrolysate form in the 

sAnMBR. It was corresponding with the highest of hydrolysis ratio to 13% in L3 that 

obtained from the calculation from TCOD and SCOD data when compared to L1 and 

L2 (0.87% and 0.72%, respectively). The COD proportions in L3 showed that the 

acidogenesis ratio 46.09% and methanogenesis ratio 40.15% were limited by the 

residue hydrolysis ratio when compare with L1 and L2 that as similarly observed in 

Cheng et al [32]. Hence, the POME treatment with high OLR and SS content could 

improve the COD removal via biological process and membrane filtration of the 

sAnMBR. However, the increase of the OLR should be sure that it cannot affected to 

the failure of process which result of OLR in sAnMBR performance can summarized 

it should not exceed 50 kgCOD.m-3.day.  

 Main point to be awareness of process in biogas production is the accumulation 

of VFA that higher OLR can be led to decreasing of CH4 yield. The average methane 

production in sAnMBR was increased from 15.4 L/d (66%) to 19.8 L/d (69%) from L1 

to L2 and methane production decreased from 19.8 to 16.1 L/d (76%) with an OLR of 

99 kgCOD.m-3day in L3. However, In L3 it was slightly declined due to the higher OLR 

bring to collected of VFAs in system. VFA production rate increased was related with 

the average methane production reduced that it seemed to COD removal slightly 

decreased. The major species of VFAs were acetic acid (30.7%) and followed of 

propionic acid (18.2%) that related several research found that acetic acid being the 

major component and butyric acid being the minor one. Mostly of both species of VFAs 

was easily to converting to CH4 that positive effected. In the other hand, it excessive 

amount led to negative effect with biogas production because of the inhibition the 

methanogenic activity. Because of the acetic acid is easily transforming to methane, 

then presenting a positive effect. The same reason with occurred the propionic acid in 

process led to negative impact on the biogas yield due the inhibition it causes to 

acetolactic methanogens. However, the ratio of propionic acid and acetic acid no more 

than 0.7 owing to inhabitation of methane yield also.  
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 The operate of sAnMBR process was kept a constant of SRT and decreased of 

HRT (3.3, 2.5 and 1.5 day) but the MLSS is not increased that it found between 36.7 - 

39.5 g/L in each loading. Because of the process was not operated until stable because 

it was highly fouling rate when operated in 90 days then caused to high pressure which 

effected to membrane leak therefore have to end of filtration and clean membrane 

(Table S3). The fouling rate was increased 0.15-0.19 kPa/day in L1 and highly in 0.18-

0.22 kPa/day in L2 and L3. The protein and polysaccharide concentration were 

analysed in supernatant were 6.4, 6.7, and 7.3 g/L and. 9.7, 11.2, and 11.4 g/L for L1, 

L2 and L3, respectively. The results from polysaccharide concentration in the filtration 

process can leached easily than protein then indicated that the high molecular weight 

of proteins makes them hardly degradable. Thus, it can attach to the membrane surface 

which resulted in pore blocking and rose the fouling rates that presented by Sara and 

George and Mota et al [33, 34]. In this filtration process, SMP followed the same trend 

as the fouling rate that was supported protein, polysaccharide, MLSS, SCOD, TCOD 

and VFA were the part of impact parameters on fouling rate. The permeability used as 

a fouling performance indicator for the fouling rate show in Table S3. VFAs produced 

led to inhibition the degradation process in sAnMBR due to it still found in permeate 

that like a HR effluent and affected to rising the fouling rate. 

 In conclusion that the coupling process with biological process and filtration 

process in two-stage sAnMBR had performance more than 70% for COD removal. The 

higher hydrolysis ratio led to VFA increased and inhibition the degradation process 

however, higher 0.7 of propionic acid to acetic acid ratio caused to failure anaerobic 

process. Moreover, the evident of the high loading rate caused to high fouling rate with 

significant parameter in term VFAs, MLSS, protein and polysaccharide etc. 

 

2.2 Fouling Behavior in a High-Rate Anaerobic Submerged Membrane Bioreactor 

(AnMBR) for Palm Oil Mill Effluent (POME) Treatment 

 Membrane fouling was major operational challenge in AnMBR which several 

researchers was designed the method to operate for prevent the foulant and the 

parameters relates. sAnMBR was operated with fouling protection from OLR and solid 

contents increasing with the internal recirculation in L1, L2 and L3 was 1.8, 2.8 and 5.5 

L/d, respectively and gas sparging (1.25 L/h) in this studied. Fouladitajar et al [35] 

found the method of gas sparging to enhance permeate flux and reduce fouling 

resistances in the membrane surface. The fabricated polysulfone (PSf) hollow fiber 

membrane was used for POME treatment by sAnMBR. The cake layer and bulk 

suspension were characterized by FTIR, CLSM, roughness, and field emission 

scanning electron microscopy (FESEM) coupled with energy dispersive X-ray 
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spectrometer (EDS) to observe and evaluate the fouling under high-rate conditions to 

understand the fouling composition and mechanisms over a long operation period. 

 The flux was obtained at 2.00, 2.04, 2.02 LMH in periods I, II and III, 

respectively which the maximum time in filtration was operated in 90 days in each 

loading due to the increasing of fouling rate caused to end of operation (not the steady 

state) and beginning of the next load until the end of process. The average of MLSS 

concentrations during periods I, II, and III were 39.51 ± 2.49, 38.04 ± 1.12, and 36.71 

± 1.17 g/L, respectively. The main factor with led to decreased of MLSS in the 

sAnMBR because of the biomass in the system was lost with the cleaning membrane 

process which the membrane module was taken out from the reactor for chemical 

cleaning between each period [36]. In contrast, occurred the rising thickness of cake 

layer on hollow fiber membrane surfaces when increasing OLR found 12.80, 20.1 and 

29.35 g/L of MLSS in periods I, II, and III, respectively under the particle size of sample 

in sAnMBR and sludge were 56.06 and 41.64 µm (Figure S1). The increasing of 

viscosity of the supernatant came from the accumulation of SS in the sAnMBR. 

However, the increasing of recirculation rate that followed the loading rate was 

intended to avoid clogging and accumulation of solids on both of the surface and pore 

membrane.  

 The average EPS concentration was approximately in 166.02, 177.27, and 

193.15 mg/L for periods I, II, and III, respectively. The large fraction of EPS in term 

protein at 77–79% which was not correlated with biomass concentration but EPS 

content increased and may have promoted sludge aggregation [37,38] when the OLR 

increasing. The previously study presented that protein had a low first-order kinetics 

constant (k) when compared with polysaccharide. Huang et al [34] reported the effect 

of SRT on biomass concentration in sAnMBRs was insignificant and surface 

modification can control of foulant and fouling rate because of shown different SMP. 

Moreover, higher membrane fouling rate may occurred with higher carbohydrate and 

protein concentrations in SMP at longer SRT [39]. Increasing of SRT can support 

protein rather than polysaccharide in the biomass [34]. The filtration process in 

sAnMBR shown 0.26–0.28 of polysaccharine/protein (C/P) ratio which was according 
to [21,35]. Moreover, the effected of the increasing load caused to high microorganism 

concentration due to C/P ratio rising. Generally, the increasing of OLR led to F/M ratio 

highly while SMP and EPS generated, resulting in a low of sludge filterability and 

filtration index down [40]. Moreover, high biomass concentration and higher cake 

resistance on membrane surface which in turn accelerated fouling. [41]. In the other 

hand, this case was removed the membrane module to clean up when highly fouling 

rate so a portion of the biomass was washed out that effected to biomass concentration 

no higher.  

 The control TMP in this experiment lower than 0.3 bar to prevent leaking and 

lacerating of membrane. The Critical flux control and internal recirculation were used 

for increase shear stressed so low clogging of foulant. In case found the first stage TMP 

was decrease that was meaning just to begin filtration system that virgin membrane so 
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it may be less of solid accumulation on membrane. The primary factor causing clogging 

as the accumulation rate of solids so internal recirculation in sAnMBR was intended to 

avoid plugging. The operation of each period was stopped in 90 days with the permeate 

flux was as low as 1.85 L/m2/h. The filtration in sAnMBR process found TMP was 

nearly equal during start-up system and gradually increased (highly to 0.25 bar) due to 

the resistance of membrane increase when the solid clogging on surface membrane. 

The foulant attached on membrane was washed out by recirculating biogas (gas 

sparging) from sAnMBR at 1.25 ± 0.25 L/hr can decreased clogging. The average F/M 

ratio was increased 2.0-5.5 when increase the OLR while MLSS critical concentration 

presented 40 g/L, it caused to strongly attached cake layer on the membrane surfaces.  

 CLSM images illustrated the increasing spatial distribution of a thick cake layer 

and the accumulation of microorganisms and EPS (in the form of protein and 

polysaccharide) that resulted in irreversible fouling of different membranes. Moreover, 

increasing of loading rate in sAnMBR led to the thickness and the specific EPS also 

increased. The resulted of CLSM image confirm that protein more easily attached on 

the membrane surface than polysaccharide which shown in highly thickness of gel layer 

due to the charge of the membrane surface, leads to pore blockages. In addition, the 

protein EPS was accumulated in the biomass granule and membrane surface. Cake layer 

on membrane surface and gel layer in CLSM image were formed to show the biomass 

content, causing biofouling, especially by proteins. [42] reported the peaks from FTIR 

spectra were caused by the formation and release of biomass products on membrane 

surfaces which supported the fouled membranes had peaks at 1638 cm−1 and 1400 cm−1 

that corresponded to protein EPS in amide I and amide II functional group, which was 

also observable in zone B of the EPS (Figure S2). However, the peak at 1231 cm−1 that 

was P=O in POME which disappeared in EPS, but it was observed at low intensity on 

the fouled membrane surfaces. The period II shown strong and high spectra which 

correlated to the higher concentration of biomass in sAnMBR that was obstacles lead 

to flux declines. 

 The elemental composition of the foulant on the top surface and cross-section 

was analyzed with FESEM images that shown the formed cake layer in the 

ultrafiltration hollow fibers in sAnMBR. The fouled membrane according to EDX was 

presented the intensive peaks C and O elements indicate the possible presence of bio-

foulant (EPS) covered and interacted with organic compounds from POME ingredients 

on the membrane surfaces [43]. The decline of C of fouled membrane in 70.8, 70.2 and 

64.9 wt.% due to increasing the OLR indicated that microorganisms in the anaerobic 

degradable which preferred to digest carbohydrates rather than proteins [44]. The 

differences in the elemental composition of the virgin and fouled membranes collected 

from period I, II and III were observed Na, Mg, and Si present in the fouled membranes 

show in Figure S3. After treatment processes with sAnMBR indicated the preliminary 

chemical compound was depleted and replaced with the feed solution compound 

(POME) that led to fouling membrane [45]. In addition, inorganic compound (Mg and 

Si) on the fouled membranes was increased caused by OLR rising, while it interacted 

with biomass on membrane surfaces caused to high biofouling rate. Therefore, both of 
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the organic and inorganic compound lead to the formation cake layer on surface 

membrane. AFM image can be supported the FESEM image which shown the higher 

fouling when rising OLR. The average roughness values of the virgin 44.77 nm and 

fouled membranes from period I, II, and III were, 50.08, 60.58, and 75.80 nm, 

respectively. The rising of roughness confirmed the trend of pore plugging or fouling 

of membrane surfaces. The end of operation in each phase led to removed cake layer 

with clean process caused to increase in roughness when OLR higher. 

2.3 Thin film composite forward osmosis membrane for anti-fouling the nutrient 

from permeates of a two-stage submerged anaerobic membrane reactor 

(AnMBR) 

  The experiment presented the efficiency of the FO process to treat the nutrient 

from the effluent from two-stage sAnMBR (feed solution in FO) by used commercial 

CTA and TFC membrane. The comparison and identification of the factors that caused 

to particle fouling (SMP and EPS) and mechanisms fouling. At the end of each FO 

filtration run the efficiency of nutrient removed in permeate and characteristics of 

membrane was analyzed in term; phosphorus, COD, ammonium etc. NaCl was applied 

as draw solutions (DS) at difference concentrate (2M, 3M and 4M) due to the high 

osmolality of sAnMBR effluent and the filtration process operated with different 

loading by changing the flow rate at 43, 57 and 99 kgCOD/m3/day as L1, L2 and L3, 

respectively. Furthermore, the SEM-EDS images recorded surface and cross- section 

morphology of membrane in form of thickness cake layer of both membrane because 

of shown arrangement of nutrients clusters and confirms the recovered solids contain 

phosphorus, potassium and magnesium. Surface and cross- section morphology. The 

FO module cell consisted of 15 cm length, 10 cm wide, and 0.3 cm depth in both 

permeate and feed sides of the membrane. The CTA and TFC were cut for each 10 x 5 

cm with an effective area (Am) was 50 cm2. The draw solution flow was conducted in 

co-current mode with a velocity at 0.70 cm/s by a peristaltic pump (EYELA MP-3N, 

Japan). The pressure was monitored by a pressure transducer (TR-PS2W, Lutron, 

Taiwan) in both the feed side (FS) and the draw side (DS). The hydrophilic layer in 

CTA and TFC membrane was analyzed with surface contact angle that summarized 64 

and 75o, respectively. The concentration of sodium (Na+), calcium (Ca2+), magnesium 

(Mg2+), potassium (K+) and phosphate (PO4
3-) were digested HNO3 ( 5% )  and 

determined by inductively coupled plasma–optical emission spectroscopy analysis 

(Avio 500 ICP-OES, PerkinElmer, USA).  

TFC membrane exhibited higher water permeability but more loss of water flux 

in comparison with CTA in different DS. Wang et al. [46] found the effected of 

increasing DS concentration (ranged from 0.5 to 5 M) to water fluxes increased with 

FO process that can supported in NaCl (higher 2.0 to 4.0 M) which enhancing water 

flux (CTA: 9.2, 11.5 and 17 LMH) and (TFC: 9.8, 16.2 and 14.1 LMH). Higher salinity 

DS source can efficiently improve the water flux of TFC and CTA in FO membrane 

also has greater potential flux with higher operation temperature. Meanwhile, CTA 

membrane had lower water permeability and water flux when compared with TFC that 
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the accumulated salinity in the feed side came from the recirculation concentrate to feed 

that led to reduction effective of osmotic pressure and reducing the water flux [47]. The 

main reason of the increasing water flux is the upper flow rate (L1-L3) of DS (NaCl) 

can collect more effective osmotic pressure at the support layer because of permeate 

dilution quickly [48]. However, TFC-FO in 4M of L3 received gradually declined at 

14.1 with the salt concentration increasing (recirculation process). Thus, resulted 

confirm the high efficiency filtration in term the flux of TFC membrane rather than 

CTA membrane. 

 However, after 240 mins of FO filtration process, appeared the trend of 

permeate fluxed of both membrane at three loading was gradually declined as expected 

from increased osmotic pressure and high driving force from salt concentrate [47]. The 

permeate flux of loading 1 to loading 2 at 2M, 3M and 4M of DS shown CTA membrane 

was slowly decreased about 0.31 LHM but it rising in loading 3 more than 0.70 LHM. 

On the other hand, the permeate flux of TFC membrane in loading 3 had less value than 

the lowest loading 1 to 0.35, 0.81 and 1.25 LMH in 2M to 4M of NaCl, respectively. 

Thus, the rising DS concentrate in L1-L3 was stronger effect for both permeates water 

flux and increased reverse draw solute fluxes [48, 49] that shown the high efficiency in 

the 3M. 

 The concentration of COD, ammonia, and phosphorus in the feed solution 

showed that varies from 37.52-55.06, 30.49-81.06 and 6.086-16.321 mg/L, respectively 

at different phases (L1 to L3). The efficiency of COD removal in form TFC was varied 

from 53%, 62% and 73% respectively. One hundred percent of ammonia removal 

efficiency of TFC in L2 after that slightly down to 78% in L3 which caused the salinity 

of sodium ions leaked from the draw solution. Driver et al. and Loeb et al. [50,51]  

found the increase of pH (8.0-9.5) and Ca/P ratio in FO process is the one cause which 

led to the enhance precipitation of the form of amorphous calcium phosphate (ACP) 

from phosphate, calcium, magnesium and ammonia. However, reducing of the effective 

osmotic pressure relative with the accumulation of phosphate salts led to Ca+ and Mg+ 

salts increased and water flux decreased. 

 The efficiency of COD removal in CTA membrane was 20%, 20% and 39%, 

respectively. Nevertheless, it also the same both ammonia and phosphorus removal 

efficiency that found at 100% in L2 and after that slowly down to 91% and 88% in L3 

which might be possibility that the salinity leaked from the draw solution [52]. The 

rejection of the FO membrane led to potassium ion (K+) in the feed being enriched 

because positive charge of K+ may also diffuse into the DS. On the other hand, the 

phosphorus concentrates gradually increased with loading higher but it can maintain 

the efficiency removal to 100% in L1 and L3 of TFC and 99%, 100% and 88% in L1-

L3 of CTA, respectively which can regard as very high phosphorus removal. 

 SEM micrographs imaging in the top-surface and cross-section modes in fouled 

TFC and CTA membrane shown arrangement of nutrients clusters and EDS analysis 

confirms that the recovered solids contain phosphorus, potassium and magnesium 

(TFC: 13.3, 5.1 and 10.7; CTA: 4.3, 0.1 and 1.5, respectively). The active layer of 
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membrane shown foulant of sludge meanwhile also found NaCl in support layer [48]. 

The incorporation of organic matter and precipitation of magnesium in the solids on the 

surface membrane can identified accumulation of nutrient in the solids; C, O2 and Mg+ 

on the top-surface membrane. The possibility of diffusion of organic matter from the 

feed side to DS led to a slightly foul in the draw side. The positive charge of potassium 

ion in L1, L2 and L3 shown that increased L1 to L2 and decrease in L3 of both 

membranes indicated the trend of pore plugging and fouling of membrane surfaces [41-

43]. The summarization of negative charge in CTA membrane caused to easily fouling 

layer than TFC membrane although the efficiency of ammonia and phosphorus removal 

as the same trend in L2. Moreover, the rising DS concentrate led to permeates water 

flux and reverse draw solute fluxes increased.  
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Figure 1 The concluding results 

 

The results obtained from this work were summarized in Figure1, the POME 

treated by the two-stage submerge anaerobic membrane bioreactor with forward 

osmosis membrane in different of organic loading rate (OLR) that it was operated in 

long operation period. They create violent hydrodynamic turbulence in two-stage 

sAnMBR processing, led to minimizing fouling and enhancing biogas production. 

However, fouling mechanisms were investigated, providing the following; 

 a) The growing cake layer, which it affected by increasing OLR led to high 

MLSS in a two-stage anaerobic reactor. The rising biofilm formation on the membrane 

surfaces caused increased TMP and EPS accumulation on the cake layer, so removing 

protein from EPS fouling was more difficult.  

CTA 

TFC 
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b) The precipitation of inorganic compounds, silica, and phosphorus, also 

occurred in the sAnMBR system. The process of high OLR led to the high performance 

of VFA and COD removal of more than 70% and found the propionic and acetic acid 

production higher than 0.7 that one factor in failing down of AnMBR.  

Finally, FO processing found the accumulation of salt from DS (NaCl) and highly 

of organic loading rate (L1-L3) that led to rising of salt concentrate (Na+) in the 

permeate water. However, T-POME treated with FO process could be found high 

effective PO4
3-  and ammonia removal with 90-100% that a good signal for recovery 

nutrients and reduced chemical cost for operation. The TFC shown high efficiency 

removal when compared with CTA because of the diffusion of Ca2
+ ion in CTA, 

enhanced the overpass for EPS network; a cake layer formed on the membrane's active 

layer.  
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Table S1 Control hydrodynamic in sAnMBR 

Process Method Resulted 

Recirculate gas (Gas sparking) • Gas flow meter 

• 1.25 ± 0.25 L/hr through a 

gas recirculation from the 

AnMBR tank  

• Gas pump sucked the 

produced biogas into the 

biogas tank 

• Increase shear force 

with gas bubbles to 

help remove scouring 

Increasing the flow rate • Increasing the feed loading 

(OLR) 

• Cross-flow  

• The rate of clogging 

decreased 

Turbulent • Electric motor mixer  

• Rotate Speed: 30 rpm 

• Two impellers 

• Timer set to control (second 

time per days) 

• Increase shear force 

 

Table S2 The methodology and analyzation of VFA concentration and component 

VFA concentration  

Collected the sample to analyzed by titration method and calculated as; 

 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 =
𝐴𝑥𝐵𝑥50𝑥1000

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)
 

 

Where;      A    is  The volume of the standard base solution used in the titration                

 to the end point at pH = 7 (ml) 

B    is   NaOH concentration used in titration (0.1 mol/l)  

 

VFA component 

Gas chromatography (GC 7820A Agilent Technologies) equipped 

with thermal conductivity detector (TCD) 

 

Table S3 The concentration of phenolic compound in POME  

Phenol  Effect 

10 - 24 mg/ L Toxicity concentrations for humans 

9 - 25 mg/L Toxicity concentrations for fish 

Chantho P. et al. shown the phenolic in POME high to 33 to 462 mg/L. 

Discharging POME that untreated or traditionally treated into the rivers could a 

high environmental risk for the surrounding area. 

 Therefore, POME treatments are needed to eliminate the phenols. 

Note: Did not analysis the phenolic compound in current study. 
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Table S4 Method and analysis of foulant and fouling 

Preparation of membrane modules for foulant analyses 

Membrane module was taken out of the sAnMBR and fouled fiber membrane were cut at the end of 

operate in 90 days, 1 80days and 270 days, respectively. After cutting the fibers, the fiber sections 

were closed with an epoxy glue to prevent leakage, and the permeate flow rate was rearranged to 

maintain the constant flux.  

Type of foulant Method Parameters 

(i) Foulant particles • Physical cleaning by flushing the membrane 

surface with deionized water until the cake 

layer was dislodged 

• Take the particles obtained from washing to 

analysis 

• MLSS 

 

(ii) Fouling composition and 

mechanisms 
• Cake layer and bulk suspension were 

characterized to observe and evaluate the 

fouling  

• FTIR 

• CLSM 

• Roughness 

• FESEM-EDS 

(ii) Mixed liquor suspended 

solid in sAnMBR 
• Collected sampling in the sAnMBR after 

turbulent 

• MLSS 

• TS 

Cleaning method for fouled membrane 

(i) Physical Cleaning by flushing the membrane surface with deionized 

water until the cake layer was dislodged (Remove gross solids 

attached to the membrane surface; reversible or temporary 

fouling) that SEM allows the observation of surface morphology 

evolution due to found the thickness layer in term of jel layer. 

(ii) Chemical • Cleaning with  

• 1% acetic solution for 2 hours  

• followed by 1% NaOH for 2 hours  

• and 10% sodium hypochlorite (NaClO) for 2 hours. 

(Remove; irreversible or permanent fouling) 

Fouling rate 

The permeability is also frequently used as a fouling performance indicator so the fouling rate as; 

𝐿 =
𝐽

𝑇𝑀𝑃
 

 

Where; Permeability (L); LMH/kPa,  Flux (J); LMH, Transmembrane pressure (TMP)kPa,  
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Figure S1 Step of preparation POME and sludge for feed in the two-stage sAnMBR 

 

 

 

Figure S2 Collection sample in two-stage sAnMBR 

Note: The influent of sAnMBR came from the internal recirculation (return AnMBR) 

and HR effluent that were fed in AnMBR reactor also.  
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(a) POME 

 
(b) Sludge 

 

 
(c) Effluent in sAnMBR  

 

 
(d) Completely mixed in sAnMBR 

 

Type of article Particle diameter(µm) 

Mean S.D 

POME 75.03 83.58 

Sludge 41.64 44.41 

Effluent in AnMBR  55.87 57.32 

Completely mixed in AnMBR 56.06 73.69 
 

Note: Calculation from 0.040 µm to 2000 µm by LS particle size analyzer 

Figure S1 The particle size of a) POME, b) Sludge, c) Effluent of HR reactor, d) 

Effluent of AnMBR and e) Completely mixed in AnMBR  
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Figure S2 FTIR spectra peak of (a) virgin and fouled membranes and (b) POME and EPS  
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Figure S3 FESEM of the virgin membrane (a: top surface, b: cross section, c: EDX element), 

fouled membrane in period I (d: top surface, e: cross section, f: EDX element), fouled 

membrane in period II (g: top surface, h: cross section, i: EDX element), and fouled 

membrane in period III (j: top surface, k: cross section, l: EDX element) with thickness 

scales. 
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APPENDIX III  

 

Forward osmosis membrane technology for nutrient 

removal/recovery from permeates of a two-stage submerged 

anaerobic membrane reactor (sAnMBR) 
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1. Introduction 

According to one of the major industries in the South of Thailand is Palm oil 

mill. From 2008 to 2012, the number and size of oil palm plantations was increase for 

crude palm oil (CPO) production and also the renewable energy as biodiesel boost. The 

CPO production up to 75% from 2016 to 2022 [1]. However, wastewater (palm oil mill 

effluent; POME) from CPO production produced 0.77-0.84 m3/ton fresh fruit bunch 

(FFB) that consisted of high concentration of organic compound (COD and BOD, fat 

and grease (FOG), and suspended solids (TSS) [2]. The traditional wastewater 

treatment plant is a waste stabilization pond series including anaerobic ponds, aerobic 

ponds, and polishing ponds, etc. Since 2001, Thailand participated Kyoto Protocol and 

concerned about greenhouse gas (GHG) emissions, upgrading of wastewater treatment 

plants in Palm oil industries was focused and developed for  closed system to capture 

and utilize biogas as renewable energy [3]. According to the residue of organic content 

and color do not permit to drainage outside. Then the practical for treated POME is 

used for land application due to the essential of nutrients such as nitrogen (N), 

phosphorous (P) and potassium (K) for plant outgrowth [2, 4]. Hasanudin et al [2] found 

13% of increasing FFB production after utilizing the treated POME as liquid fertilizer 

for land application. Nevertheless, the limitation of land treatment is not capable of 

handling high organic content and nutrient to optimize value to meet Thailand's 

Standards for affluent and Thai regulation for liquid fertilizer regulation. Concentration 

in term of biochemical oxygen demand (BOD), chemical oxygen demand (COD) and 

nutrient do not meet the of factory was set the outline value for effluent discharge for 

COD, BOD and colour is not over  120 mg/L, 20 mg/L, and 300 ADMI, respectively 

[5]. Many researches are focused on membrane technology for treatment organic 

content and nutrient in wastewater such as membrane bioreactor [6], anaerobic 

membrane bioreactor [7], nanofiltration(NF) and reverse osmosis (RO) [8],  

ultrafiltration couple with adsorption [9], etc. However, Nguyen et al. [10] shown the 

ammonia (NH3), phosphorus and total organic carbon (TOC) removal efficiency in 

Forward osmosis (FO) about 96, 98 and 100%, respectively meanwhile FO capability 

can recovery of nutrients and reduced chemical cost [10,11]. FO is a challenge 

membrane technology relying on an osmotic gradient driving force pass through a 

dense membrane. The advantage of FO process is high rejection, high water recovery, 

low fouling propensity, requiring low energy for water recovery and lower or no 

hydraulic pressure [12]. However, the driving force of salt (high concentrate) could lead 

to salinity accumulation and nitrification. Thus, FO is the great interest for the 

implementation of water reuse schemes in stand-alone system or when combined with 

another process [13].  Other studies also demonstrated the potential of FO for the 

concentration of food and beverages, delivery of pharmaceutical, fertigation, or 

concentration of complex or highly charged liquids [14].  Many studies favor forward 

osmosis ( FO)  used for treat and recover nutrients in wastewater in AnMBR [14,15], 

enrichment  N and P from digested sludge [16]. Phuntsho et al.[17] proposed and 
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studied pilot-scale fertilizer driven forward osmosis (FDFO) coupled with  

nanofiltration (NF) system to diluted fertilizer for agricultural for irrigation and 

obtained 49% recovery rate that fertilizer was used as draw solution (11).  

The previous study had referred that FO in the different membrane which are 

cellulose triacetate (CTA) and thin film composite (TFC) FO membranes, that the water 

permeability and solute selectivity of in TFC-FO greater than CTA-FO. However, all 

of the ammonia (𝑁𝐻4
+ − 𝑁) and phosphorus (𝑃𝑂4

3−) removal was shown highly than 

99% and 98% of TFC and CTA, respectively [10,18, 19, 20, 21, 22, 23 and 24]. The 

technology of FO has raised interest to the high level as a potential low-fouling 

contamination on membrane surface and a new approach for nutrient removal/recovery 

from wastewater [25-28]. Several types of draw solution were development for 

increased the FO filtration process especially part of osmotic pressure that to provide it 

high for enhance the water flux. However, the magnesium chloride (MgCl2), potassium 

nitrate (KNO3), magnesium sulfate (MgSO4), trimethylamine–carbon dioxide (TMA–

CO2), ammonium bicarbonate (NH4HCO3), ammonium hydroxide (NH4OH) and 

sodium chloride (NaCl) etc. were used as draw solution in FO process. The lowest of 

viscosity from NaCl was the best option for select the NaCl for the draw solution in FO 

[29]. Moreover, the fouling phenomena, concentration polarization, and reverse 

diffusion of solution from draw solution are challenge in FO operation. The FO was 

focused on following requirements: (I) low reverse salt diffusion; (II) increase water 

flux; (III) easy recovery of DS (diluted) and (IV) cost and energy saving to operation. 

In addition, the main point of DS in FO systems is preferred to be easy to regenerate, 

non-toxic, and to be economical; while the way of practice for diluted DS would be 

directly utilized to; fertigation or feed solution in feed solution in desalination plants 

[30-32]. Therefore, selection of appropriate draw solution or osmotic agent is crucial to 

achieve high FO membrane performance. 

This study treated wastewater in the palm oil mill effluent from permeates of a 

two-stage submerged anaerobic membrane reactor (T-POME) and tested its 

performances of TFC membrane and CTA membrane by FO processing with the 

difference organic loading rate (OLR) for 43, 57 and 99 kgCOD/m3/day in loading 1 

(L1), loading 2 (L2) and loading 3 (L3), respectively. The challenge of reverse diffusion 

of solution from draw solution in three different concentration was 2M, 3M and 4M 

NaCl was the main important for FO performance. Thus, the objective of this study was 

to investigate the comparison of the effect of different concentration of NaCl in TFC 

and CTA membrane when operated with FO process to remove/recover nutrients from 

T-POME.  
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2. FO experimental setup and operation conditions 

The effluent from two-stage sAnMBR or permeate was used to feed solution in 

forward osmosis process (FO). FO flat sheet membrane was used in this study with an 

effective area ( Am)  was 50 cm2. NaCl was used as draw solution (DS) and finding the 

optimum condition. A schematic representation of FO process shown in Figure 1. FO 

process was operated by two type of flat sheet membrane as thin film composite (TFC) 

commercial (Aquaporin Inside™; Steritech, Kongens Lyngby, Denmark) and cellulose 

triacetate (CTA) commercial (Hydration Technologies, Inc; HTI, Albany, OR, United 

States). However, normally of the specification of CTA and TFC membrane was shown 

in Table1 [33-38]. The performance of filtration process was compared in both of 

membrane. The experiment was conducted in co-current mode at room temperature. 

The membrane module cell (15cmx10cmx0.3cm) was operated by using peristaltic 

pumps connect to the module.  Peristaltic pump (Masterflex L/S, USA) was used for 

feed solution side and draw solution (DS) side at room temperature (25  0.5 °C). The 

trans-membrane pressure (TMP) will be monitoring by a pressure gauge in feed line 

and draw solution line.  

 
Figure 1 FO system 

 

Table 1 The specification of CTA FO and TFC FO membrane shown in [33-38]. 

 

Membrane Advantage Disadvantage 

TFC 

 

• rejection values higher  

• pH stability 

• higher selective water transport 

(100% selective to water molecules) 

• reduce internal concentration 

polarization (ICP) 

• minimum degradation  

• satisfy the chemical stability  

• mechanical strength requires 

• salt rejection relies on the 

surface charges and PA 

structure 
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Table 1 (continued) The specification of CTA FO and TFC FO membrane shown in 

[33-38]. 
 

Membrane Advantage Disadvantage 

CTA 

 

• high water flux 

• high water permeability 

• the hydrophilic nature of CTA 

• better pore wettability and transport 

properties 

• pH range 3-7, 3 years of shelf life  

• maximum chlorine resistance 2 ppm  

• thin skin layer for salt separation 

(10-20 µm) 

• thicker porous scaffold layer (about 

100 µm thick) 

• get degraded when 

exposed to an ammonium 

bicarbonate (DS) 

• less water permeability 

• low salt rejection 

• lacked a thick support 

layer 

• poor resistance to 

biological species, and 

limited chemical stability 

 
 It can be concluded that that TFC membrane exhibited exceptional selectivity 

and permeability properties with higher water flux and lower fouling tendency and 

decreased ICP as compared to CTA FO membranes [33-38]. However, TFC FO 

membrane exhibited good flux performance when operated in active layer on feed side. 

 

 2.1 Feed solution 

 In this work, three feed solutions (FS) were used with various organic loadings 

from loading 1 (L1) to loading 2 (L2) and loading 3 (L3) in 43, 57 and 99 

kgCOD/m3/day, respectively. The operational conditions of this system (two-stage 

sAnMBR) were as follows: room temperature 35 ± 1 °C, stirring speed 30 rpm with 

two impellers, hydraulic retention time (HRT) of 3.3, 2.5 and 1.5 day. Three different 

nutrients in the feed solution (L1, L2 and L3) were 30. 49±1. 15, 30. 52±3. 07 and 

81. 06±5. 10 mg/L of ammonia, 39. 37, 35. 71 and 42. 13 mg/L of magnesium, 6. 086, 

7. 629 and 16. 321 mg/L of phosphate, 4. 941, 9. 315 and 3. 55 mg/L of calcium and 

concentration of COD were 37.52±3.10, 48.21±4.96 and 55.06±4.15 g/L. Feed solution 

tank was placed on a digital balance (GF-300, AND, Japan). 

 

 2.2 Draw solutions 

 Three different concentrations of NaCl were used in 2M, 3M and 4M 99.99 

Suprapur® were used in this study. DS was prepared by dissolving NaCl in deionized 

(DI) water. The concentration of NaCl measured by digital balance (GF-300, AND, 

Japan). For the feed and draw solution was single run with 1L and operated with 420 

min. Both solutions were recirculated in a closed-loop system by a batch mode 

operation. DS tank was placed on a digital scale (GF-300, AND, Japan) and the weight 

changes were monitored and recorded by manually every 10 mins. interval to determine 

the water flux. The conductivity sensor (Inpro 7100, Mettler-Toledo, Switzerland) was 
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used to measure conductivity (reverse salt flux; RSF in the feed and concentration of 

NaCl).  

 2.3 Nutrient concentration recovery effect by FO process  

 Feed solution was is described in section 2.1. and 2.2 flow with co-current mode 

with 0.1 cm/s of velocity in both side (at room temperature; 25±1). Also, at the end of 

each filtration run, permeate quality and feed concentration were analyzed. The 

concentration of sodium (Na+), calcium (Ca2+), magnesium (Mg2+), potassium (K+) and 

phosphate (PO4
3-) were digested HNO3 ( 5% )  and determined by inductively coupled 

plasma–optical emission spectroscopy analysis (Avio 500 ICP-OES, PerkinElmer, 

USA). All of the experimental data were collected after 1 h filtration passed for prevent 

the adsorption of ions on the membrane surface that it has influencing in the FO 

performances.  

 

 2.4 FO test 

 The FO mode was carried with lab scale process and co-current flow. Water 

flux was analyzed with DI water at 0. 10 cm/ s in the feed side and peristaltic pump 

(EYELA MP-3N, Japan) controlled a velocity at 0.70 cm/s for draw solution flow rate. 

The pressure was monitored by a pressure transducer ( TR- PS2W, Lutron, Taiwan)  in 

both sides. The previous work [39] had been presented terms of water permeance (A, 

LMH/Bar), salt rejection (R, %) and salt permeability (B, LMH) were tested with RO 

mode. Measured the permeance of DI water as the feed that using the cross-flow 

filtration method to evaluate the separation efficiency of TFC FO membrane and CTA 

FO membrane which calculated by Eqs. (1) and (2). Salt rejection and salt permeability 

were measured by utilizing NaCl as the feed solution, and were calculaed by Eqs. (3) 

and (4). In addition, these tests were performed each experiment by also carried out 

after each experiment for recheck the membrane performance. 

 

Jv=
∆v

Am.∆t
                       (1) 

  A=
Jv

∆P
                                 (2) 

R= (1-
Cp

Cf
) x100                  (3) 

1-R

R
=

B

A(∆P-∆π)
                         (4) 

 

Where Am, is the effective FO membrane surface area (50 cm2), ΔV (L) is the 

permeate volume change from the feed solution to the draw solution over a determined 

testing time Δt (h). 𝐴 and  Jv are water permeability and water flux ( in Lm-2h-1bar-1 

referred to LMH.bar-1) . The solute rejection is calculated follow Eqs. (3) where  

Cp (mg/L) and Cf (mg/L) are salt concentration of the permeate solution and feed 

solution, respectively.  R is a salt rejection (%), ΔP and Δπ are the applied different 

pressure and osmotic pressure of the feed respectively. Osmotic pressure, π, is the 
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pressure that would control the passage of FS across the membrane when applied with 

DS. The difference of osmotic pressure determines generally with the transport of water 

and transport salt through the membrane from FS to DS for FO processes. The effect of 

osmotic pressure gradient from lower concentration of DS to higher concentration of 

FS. 

 

 2.5 Surface properties for the fouling particles and the membrane 

morphology 

 The fouling layer of fouled and pure membrane (flat sheet) were analyzed the 

membrane foulants. Membrane surface characterization of was performed by selected 

and cut membrane after the end of operation period (L1, L2 and L3), soaking them in 

DI water for a few seconds to remove FS and DS, and then make it dried with desiccator 

for 1 day. The surface and cross-sectional morphologies and inorganic foulants of the 

fouled membrane were observed and characterized by scanning electron microscopy 

(SEM-Quanta, FEI Quanta 400) coupled with energy dispersive X-ray spectroscopy 

(EDX; Oxford) following the procedures in Woo et al. [40].  

  

3. Results and discussion 

 

3.1 Water permeability and membrane wettability  

Contact angle is the physical characteristic that describing wettability of a surface 

membrane. It is the primary data which as to indicated the ability of surface of wetting 

and spreads over the surface. While the hydrophilic of the membrane with different thin 

active layers was studied by measuring the contact angle value. In this case found   top 

surface contact angle in CTA FO commercial and TFC FO commercial were 

summarized 64 and 75o, respectively.  The specification of TFC flat sheet aquaporin 

was NaCl reverse flux was less than 2 gm-2h-1 and the active layer made from polyamide 

as flat sheet aquaporin. The water permeability coefficient of CTA flat sheet (HTI) was 

2.1x10-12 ms-1Pa-1 while found 88% of salt rejection while the salt reverse flux was 

0.027 mol. GMH.   Xiao M. et al. [41] found that contact angle data in dry and wet 

membranes closely correlates with surface porosity and porous membrane swelling. In 

addition, the water contact angle higher that shown the higher selective water transport 

that some case reported 100% selective to water molecules. Although TFC FO 

membrane higher water permeability but more loss of water flux when comparison with 

CTA FO membrane.  

 

3.2 Effect of different concentration NaCl on water flux 

Two types of membranes include a commercial TFC and a commercial CTA. The 

results showed that TFC membrane exhibited higher water permeability but more loss 

of water flux in comparison with CTA. The long term (420 mins) of water flux was 

observed that both of membrane at all NaCl concentration shown the flux decreases in 
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Figure2. The operation time at 120 mins obviously shown the water flux in TFC 

membrane slightly decreased while drastically reduced in CTA membrane. 

In generally, the reduction of water flux in membrane because of the viscosity’s effect 

of the draw solution and thickness layer form on surface FO membrane [42]. Wang et 

al. [43] illustrated the effected of increasing DS concentration (ranged from 0.5 to 5 M) 

to water fluxes increased with FO process that can supported in NaCl (higher 2.0 to 4.0 

M) which enhancing water flux (CTA: 9.2, 11.5 and 17 LMH) and (TFC: 9.8, 16.2 and 

14.1 LMH) Figure 2. Higher salinity DS source (4M) in Figure2c can efficiently 

improve the water flux of TFC and CTA in FO membrane also has greater potential 

flux with higher operation temperature. These results supported the high-water flux 

came from high concentration of DS which as a larger osmotic pressure. The highest of 

flux in TFC FO membrane found at loading1 that was closely to loading2 and highest 

at loading3 for CTA FO. Although, the increasing in loading 1 to 3 was not associated 

with increasing the DS concentration because of it did not enhance the flux efficiency 

in FO process. [42] reported that CTA membrane had lower water permeability and 

water flux when compared with TFC. However, the reduction effective of osmotic 

pressure in FO membrane came from the activity of accumulated salinity in the feed 

(salts can flow backward from DS to FS by diffusion process) let to reducing the water 

flux [44]. The reverse salt flux (RSF) phenomenon was affected to the decrease of water 

flux because it causes of internal concentration polarization (ICP) from FS to DS [44] 

The main reason of the increasing water flux is the upper flow rate (L1-L3) of DS 

(NaCl) can collected more effective osmotic pressure at the support layer because of 

permeate dilution quickly [10]. However, TFC-FO in 4M of L3 received gradually 

declined at 14.1 LMH with the salt concentration increasing.  

 After 240 mins of filtration, the FO membrane appeared the trend of permeate 

fluxed of CTA and TFC in different loading rate (43, 57 and 99 kgCOD/m3/day) was 

gradually declined as expected from increased osmotic pressure and high driving force 

from salt concentrate [39]. However, the permeate flux of loading 1 to loading 2 on 

three concentrated DS (NaCl; 2M, 3M and 4M) CTA membrane was slowly decreased 

about 0.31 LHM but increased in loading 3 that more than 0.70 LHM. On the other 

hand, the permeate flux of TFC membrane in loading 3 of all NaCl intensity has the 

most negligible value that less than the lowest loading 1 to 0.35, 0.81 and 1.25 LMH in 

2M-4M NaCl, respectively. Thus, the rising DS concentrate in L1-L3 led to a stronger 

effect for both permeates water flux and reverse draw solute fluxes to increase. 
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Figure2 The permeate flux versus TFC and CTA in FO filtration process for 

T-POME treated in different concentration of draw solution (a) 2M NaOH (b) 3M 

NaOH and (c) 4M NaOH 
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3.3 Nutrient concentrating effect by FO membrane 

 The increasing of draw solution concentration (2M, 3M and 4M) let to the gradual 

salinity increase in the DS to FS that show negative impact on nutrient removal because 

of it can be dispirsed to the FS. Moreover, the increasing loading in the feed side of the 

FO operation showed the percentage of nutrient removal (calcium, magnesium, 

potassium, phosphorus and ammonia etc.) in FO process for CTA FO and TFC FO 

membrane was decreased in loading 1 to loading 2 and increasing in loading 3 in 

Figur3. Apart from trend of water flux up on the increasing of NaCl concentration, Liu 

et al. [45] reported the effect of concentration in draw solution can indicated the leakage 

rate of TOC, TN and NH4
+-N in FS also. Nitrogen and phosphorus are essencial 

consideration for the nutrients due to important roles in metabolism as microorganisms 

from wastewater that as T-POME in this case. Nutrients removal efficiency achieved 

in this study is consistent with those reported in the literature (Table3) as high nitrogen 

removal (>95%) and phosphorus removal (>95%) were presented in [43 and 45-48]. 

For this case obvious that the removal of all nutrients (especially phosphate) was high 

to 100% in POME treatment by two-stage sAnMBR integrated with co-current flow 

mode in FO process by using TFC FO and CTA FO (flat sheet). In addition to surface 

adsorption, the uptake rate of phosphate also greatly depends on various factors, such 

as phosphorus deficiency [43].  

The operated under 420 min, the two-stage AnMBR was started to feed solution 

(FS) with permeate AnMBR. The details of feed characteristics in the FO process were 

operating conditions in each experiment (L1, L2 and L3) are shown in Table2. 

Moreover, only a few hundred percent in evaluations of FO membrane for rejection 

efficiency and reverse salt flux (reverse ions transfers from the DS and FS) [11, 41]. 

However, the nutrient removal/recovery that came from permeate AnMBR (POME and 

sludge treated with two-stage AnMBR). The COD, ammonia (NH4
+), and phosphorus 

concentration of the influent varies from 37.52-55.06, 30.49-81.06, 6.086-16.321 mg/L, 

respectively at different phases (L1 to L3) in Table2. Figure 3 shown the COD removal 

efficiency in form of TFC-FO higher than CTA-FO that could be varied from 53%, 

62% and 73% and 20%, 20% and 39% (L1, L2 and L3). Also, the same effected for the 

increased loading with high concentration DS was the removal efficiency increase in 

both membranes. The ammonia removal efficiency of TFC-FO and CTA-FO found the 

same at one hundred percent of removal in L2 and after that slowly down to 78% and 

91% in L3, respectively which might be possibility that the salinity was sodium ions 

(Na+) leaked from the draw solution [43]. Driver et al. and Loeb et al. [48,49] found the 

increase of pH (8.0-9.5) and Ca/P ratio in FO process is the one cause which led to the 

enhance precipitation of the form of amorphous calcium phosphate (ACP) from 𝑃𝑂4
3−, 

calcium (Ca2+), magnesium (Mg2+), NH4
+. However, the increasing of Ca+ and Mg+ 

salts were relatively with collected phosphate salts in Table2 that would reduce the 

effective osmotic pressure and led to decreasing the water flux [50-52]. The rejection 

of the FO membrane led to potassium ion (K+) in the feed being enriched because 
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positive charge of K+ may also diffuse into the DS [43]. On the other hand, found the 

phosphorus concentrate gradually increased when the influent loading higher but can 

maintain the efficiency removal to 100% in L1 and L3 of TFC-FO and 99%, 100% and 

88% in L1-L3 of CTA-FO, respectively which can regard as very high phosphorus 

removal. In other words, the effect from FO membrane size sieving is suitable for most 

organic and phosphate rejection [53 and 54] 

 

 

Figure 3 Nutrient removal efficiencies in FO filtration process with TFC membrane 

and CTA membrane in loading 1 (L1), loading 2 (L2) and loading 3 (L3)  

 Previous studies in Table 3 have shown the nutrient removal efficiency and water 

flux in CTA-FO membranes are less than TFC-FO membranes. Jafarinejad et al. [26] 

shown that membrane surface charges holds the key to this contaminant rejection. For 

instance, highly negatively charged in TFC-FO membrane was higher the nitrate 

rejection ratio. Whereas, CTA-FO membrane was better of ammonia rejection ratio 

because of CTA has a slight negative charge [55]. In addition, FO process of T-POME 

with aquaporin membrane (TFC-FO) using sodium chloride as the DS reported an 

average water flux of 5.9 LMH over 24 h. Also, recovery of phosphate and NH3 were 

highly to 99-100% and 60-100%, respectively. In other works, Luo et al. [56] observed 

that ammonia nitrogen, TN and PO4
3- removals of >90%, 60-80% and >90%, 

respectively meanwhile Schneider et al. [27] and Camilleri-Rumbau et al. [46] using 

the aquaporin Inside™  TFC-FO membranes reported >95.5% rejection of total 

ammonia nitrogen (TAN). The nutrient removal efficiency accomplished in this study 
has in line with Table 3 reported of literature review where high of nitrogen and 

phosphorus removal by TFC-FO membrane
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Table 2 Characteristics for FO experiment  

 

Parameter 

Feed solution TFC FO membrane CTA FO membrane 

Load 1 Load 2 Load 3 Load 1 Load 2 Load 3 Load 1 Load 2 Load 3 

COD (g/L) 37.52±3.10 48.21±4.96 55.06±4.15 25.25±5.10 38.21±10.25 48.56±8.59 9.24±2.05 11.70±5.89 26.49±2.15 

Alkalinity(g/L) 3.3±0.10 4.38±0.12 5.45±0.08 25.42 21.78 23.18 18.37 22.48 25.91 

Acidity(g/L) 2.49±0.59 3.65±0.50 4.48±0.13 19,999±256 19,596±128 19,999±374 16,789±165 19,482±229 19,779±896 

Conductivity(mS/cm) 12.67 18.00 18.03 13.5 10.4 10.6 11.0 9.8 9.8 

TDS (mg/L) 11,493±23.5 16,218±78.9 16,235±58.6 23.24±2.12 41.02±4.15 76.66±7.52 24.10±5.2 49.00±1.51 91.58±4.68 

Salinity (ppt) 12.3 10.1 10.5 3,635 2,520 2,265 2,945 2,600 2,658 

Ammonia (mg/L) 30.49±1.15 30.52±3.07 81.06±5.10 9.439 8.294 4.257 8.954 8.156 5.660 

Na*  (mg/L) 4,337 2,679 2,446 35.39 32.93 44.09 35.16 29.65 46.58 

Ca*  (mg/L) 4.941 9.315 3.55 2,234 2,301 2,233 1,954 2,155 2,005 

Mg*  (mg/L) 39.37 35.71 42.13 8.386 4.394 20.862 7.355 9.725 17.935 

K*  (mg/L) 2,797 2,382 2,478 25.25±5.10 38.21±10.25 48.56±8.59 9.24±2.05 11.70±5.89 26.49±2.15 

PO4
3- * (mg/L) 6.086 7.629 16.321 25.42 21.78 23.18 18.37 22.48 25.91 

 

*ICP-OES AVIO500 (detection limit of  Na = 3 ppb, Ca = 0.02ppb, Mg = 0.1 ppb, K = 20 ppb and PO4
3- =30 ppb)  

 The ion fluxes for the FO membrane tested revealed the following trend: K and salt concentration Na (CTA:1,954-2,155mg/L and 

2,600-2,945mg/L; TFC: 2,233-2,301mg/L and 2,265-3,635mg/L) higher ions than Mg, Ca, PO4
3- and ammonia due to the accumulation of 

salinity from leaked of Na+ ions from draw solution led to high salinity. However, the phosphate recovery efficiencies were minimally 

affected by the form of sludge (flocculated or granul 
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Table 3 Comparative analysis of nutrient concentration (Na+, Ca2+, Mg2+, K+ and PO4
3- with various studies related to Forward Osmosis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study Membrane Feed/Draw solution 
Flux 

(LMH) 

Final nutrient 

removal efficiency 

(Na+, Ca2+, Mg2+, K+, PO4
3, NH3 and  

COD; %) 

Current study 

CTA (HTI) 

T-POME 

/NaCl 

5.19 56, 100, 73, 57, 99,65 and 20 

4.89 81, 73, 69, 75, 100,100 and 20  

5.62 87, 100, 89, 65, 88, 91 and 39  

TFC(Aquaporin) 

6.33 66, 100, 70, 62, 100, 60 and 53  

6.31 74, 70, 72, 76, 45, 100 and 62  

5.08 76, 99, 86, 74, 100, 78 and 73  

[28] TFC-PA (HTI),  

TFC(Aquaporin) 

Digested manure centrate/ NaCl 17.5 40% NH4-N 

 

[42] CTA (HTI) Municipal wastewater/NaCl 6 99.7% TP, 67.8% TN, 48% NH3  

and 99.8%COD 

[44] CTA (HTI) Human urine/NaCl 6 95% TN, >99% NH4
+-N 

 and >98% TOC 

[45] CTA (HTI) and 

TFC(Aquaporin) 

Synthetic wastewater/NaCl TFC=15 

CTA=5 

>90% NH4, 60-80% TN 

 and >90% PO4
3- 

[46] TFC(Aquaporin) Cow digestate liquid 

fraction from a biogas plant /NaCl 

4.4, 8.5 and 8.5 >95.5%NH4
+-N 

[47] TFC (Toray 

Industry Inc) 

Central Park WWTP / NaCl 19.92 COD, TP, NH4
+-N, TN, of >97%, >98%, 70-73% 

and 73-76%, respectively 

[57] CTA (HTI) Sewage from the aeration grit 

chamber of a 

municipal WWTP /NaCl 

- COD, NH4
+-N, TN, TP of 18, 2.5, 2.8, 0.4 mg/L, 

respectively 

[58] TFC (Porifera 

Inc. California, USA) 

Activated sludge from the aeration 

tank at Aalborg West 

WWTP/NaCl 

1.7-20  P > 40 mg/L  
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3.4 Membrane fouling 

SEM micrographs imaging in the top-surface and cross-section modes in TFC 

and CTA after filtration (fouled membrane) shown in Figure 4-9. A finger-like 

morphology area most of the polysulfone (PSf) support layer thickness, but the higher 

magnification micrograph (50µm) in Figure 4b, 5 and 6 exposes a thin layer 1- to 2-

µm. A dense sponge-like morphology layer area found near the top surface of TFC 

membrane. Figure 4a, 8 and 9 presents the specific structure of the CTA (HTI) in the 

cross-section that shows the area to be like a woven mesh embedded in a continuous 

polymer layer. The unique CTA FO is that lack of a thick support layer in structure. 

The RO test with DI water found no change of morphology of TFC FO and CTA FO 

membrane the was observed with SEM micrographs imaging. 

SEM micrographs imaging in the top-surface and cross-section modes in TFC 

and CTA after filtration (fouled membrane) shown the top layer was arrangement of 

nutrients clusters and EDX analysis confirms that the recovered solids contain 

phosphorus, potassium and magnesium (TFC: 13.3, 5.1 and 10.7; CTA: 4.3, 0.1 and 

1.5, respectively) Figure5-8. The foulant of sludge found in the active layer meanwhile 

also found NaCl (DS) in support layer [10]. The identification of carbon, oxygen, and 

magnesium in the solids on the top-surface membrane can be indicated by the 

incorporation of organic matter, covering the precipitation of magnesium in the solids 

on the surface membrane. The possibility of diffusion of organic matter from the feed 

side to DS thus led to a slightly fouled in the draw side of the membrane. The 

accumulation of salinity from leaked of Na+ ions from draw solution led to high salinity 

Figure5-8 at the same time affected to the resistance water was increased then caused 

to fouling [39]. The positive charge of potassium ion in L1, L2 and L3 of TFC and CTA 

shown 2,234, 2,301 and 2,233 and1,954, 2,155 and 2,005 mg/L, respectively (Table2) 

may be spread into the DS also indicated the propensity of pore plugging or fouling of 

membrane surfaces [44, 49 and 50] Figure5-8. Otherwise, the membrane fouling layer 

and accumulated salinity in the mixed liquor since 180 min up reduced adequate 

osmotic pressure and increased the resistance for water passage. The thicker cake layer 

of CTA membrane fouling in Figure6 related to Cartinella et al. [46] reported the 

negative charge in CTA membrane caused to easily attached ammonia ion on the 

surface membrane that higher fouling layer than TFC membrane.  

Nevertheless, carbon, oxygen and sodium peaks were detected on the surface of 

the virgin membrane (Figure5 and 7) which related in Li et al. [28]. As Figure6 and 

8 illustrates, show the resulted of foulant after long term operation in form element 

component; C, O, P, Mg, Na, K, Cl, S, Si appeared on the fouled membrane surface. 

The strong phosphorus and magnesium peaks were found in TFC while phosphorus and 

calcium peaks were found in CTA surface membrane. The concentrated diffusion of 

cations, especially Ca2
+, enhanced the overpass for EPS network, a cake layer formed 

on the membrane's active layer [59-60].  
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Figure 4 Cross-section SEM micrographs of (A) CTA-HTI fouled membrane 

 and (B) TFC aquaporin fouled membrane 

 

 

Figure 5 SEM micrographs of the top-surface and cross-section modes for TFC virgin 

membrane and the element component by EDX of membrane  

 

 

 
Figure 6 SEM micrographs of the top-surface and cross-section modes for TFC 

fouled membrane and the element component by EDX of membrane  
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Figure 7 SEM micrographs of the top-surface and cross-section modes for CTA 

virgin membrane and the element component by EDX of membrane  

 

Figure 8 SEM micrographs of the top-surface and cross-section modes for CTA 

fouled membrane and the element component by EDX of membrane  

 

4. Conclusion  

1. The increase of organic loading rate led to high concentrate salinity because its 

accumulation and effected to nitrification process. 

2. The PO4
3- and ammonia removal is effective in TFC-FO and CTA-FO up to 90-

100% thus FO capability can recovery nutrient and reduced chemical cost. 

3. The leaked Na+ ions from the draw solution led to high salinity that increased 

the resistance water and caused fouling. 

4. The concentrated diffusion of Ca2
+ ion in CTA, enhanced the overpass for EPS 

network; a cake layer formed on the membrane's active layer.  

5. Two main mechanisms to cause of FO membrane fouling are cake layer 

formation from nutrient and accumulation of salinity especially draw solution 

diffusion. 

6. The complex composition of wastewater (POME) may be cause of increasing 

fouling mechanism (nutrient, organic, etc.) or differentiation chemical reaction 

in fouling (sludge). 
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 The efficient removal of nutrients with two-stage sAnMBR and FO treatment 

depends on the properties of the compounds of wastewater (POME) and the operational 

parameters of both system (Figure9)  

 

 
 

 

Figure9 The most important factors affecting the nutrient removal in the FO process 
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