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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/m?/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 sSAnMBR 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 Ca," 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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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,



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 sSAnMBR. 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



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,
CH,4 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



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 (sSAnMBR). Step of preparation POME and
sludge for feed in the two-stage sSAnMBR 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



solution concentration 2M, 3M and 4M in different OLR feeding. The scope of work

in Figure 1.

Material and methodology

Sludge (Anaerobic microbial: CLBR) Substrate; Palm Oil Mill Effluent
From Tha Chang Industries Group Co, Ltd (POME)

Two-stage submerge anaerobic membrane bioreactor
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Figure 1 Scope of work



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 m? area. The POME was fed in HR with different loading (L1, L2
and L3) 43, 57 and 98 kgCOD/m?>.day. While the effluent from HR was taken for
treatment in SAnNMBR in 43, 57 and 99 kgCOD/m?.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 HCI or NaHCOj3 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+£5°C). 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



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 sSAnMBR 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™.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 sSAnMBR 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>day 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.



The operate of sSAnMBR 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



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 L, 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, 11, and III, respectively under the particle size of sample
in SAnMBR and sludge were 56.06 and 41.64 um (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, 11, 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



10

it may be less of solid accumulation on membrane. The primary factor causing clogging
as the accumulation rate of solids so internal recirculation in sSAnMBR 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/m?/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 ™! and 1400 cm™!
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 ™! that
was P=0 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 sSAnMBR 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, IT and III were observed Na, Mg, and Si present in the fouled membranes
show in Figure S3. After treatment processes with sSAnMBR 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/m?/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 cm?. 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 75°, respectively. The concentration of sodium (Na*), calcium (Ca?"), magnesium
(Mg?"), potassium (K) and phosphate (PO+*) were digested HNO; ( 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



12

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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CHAPTER 3
CONCLUDING REMARK
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Figure 1 The concluding results

The results obtained from this work were summarized in Figurel, 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.
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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> 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 Cax" ion in CTA,
enhanced the overpass for EPS network; a cake layer formed on the membrane's active

layer.
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Process Method Resulted
Recirculate gas (Gas sparking) e Gas flow meter e Increase shear force
e 1.25+0.25 L/hr through a with gas bubbles to
gas recirculation from the help remove scouring
AnMBR tank

o Gas pump sucked the
produced biogas into the
biogas tank

Increasing the flow rate o Increasing the feed loading e The rate of clogging
(OLR) decreased
o Cross-flow
Turbulent o Electric motor mixer o Increase shear force

e Rotate Speed: 30 rpm

e Two impellers

e Timer set to control (second
time per days)

Table S2 The methodology and analyzation of VFA concentration and component

VFA concentration

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

—_— . = AxBx50x1000
olatile fatty acid = 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
9-25mg/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, 180days 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 e Physical cleaning by flushing the membrane e MLSS
surface with deionized water until the cake
layer was dislodged
o Take the particles obtained from washing to
analysis
(i1) Fouling composition and e Cake layer and bulk suspension were e FTIR
mechanisms characterized to observe and evaluate the e CLSM
fouling e Roughness
e FESEM-EDS
(i1) Mixed liquor suspended e Collected sampling in the sSAnMBR after e MLSS
solid in sAnMBR turbulent e TS

Cleaning method for fouled membrane
(1) 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.
(i1) Chemical ¢ Cleaning with
e 1% acetic solution for 2 hours
e followed by 1% NaOH for 2 hours
e 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;
J
L=——
TMP

Where; Permeability (L); LMH/kPa, Flux (J); LMH, Transmembrane pressure (TMP)kPa,
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**+Palm Oil Mill Effluent
(POME)

Inoculu sludge

(Thai Biogas Energy Company) Tha Chang Industries Group Co., Ltd

Settle down of suspended
solids in the raw POME (24h)

1

Feed in Stored in a refrigerator at 4 2C.
the HR tank Room « until used
(1:1 (v/v) proportion) temperature (minimize self-biodegradation)

Figure S1 Step of preparation POME and sludge for feed in the two-stage SAnMBR
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L L | e 1
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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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Note: Calculation from 0.040 pm to 2000 um 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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A two-stage submerged anaercbic membrane bioreactor (2-sAnMBR) was
operated to demonsfrate the technology concept and to accelerate
anaerobic bicdegradation of Palm Qil Mill Efluent (POME). Then, the
impact of different high organic loading rates (OLR) was investigated with
a focus on water qualty and biogas production. OLR higher than 50
kgeoo.nm?.d™ induced an increase of volatile fatty acids (VFAs). As a
consequence, the biogas production decreased from 19.8t0 11.0L.d™* and
CHs vield between 023 fo 0.38 Lowd/gCODemow=s. Mevertheless, the
highest OLR (38 kgcoo.mm.d*) made it possible fo reach a COD removal
effectiveness of 70%, where the membrane contribuion was around
23.9% to 34.7%. The ratio of propionic acid'acetic acid appeared to be a
key indicator to prevent the AnMEBR operation failure. Indesd, as soon as
the value of 0.7 has been exceeded, several signs of AnMBR failure
appeared. The methanogenic activity in AnMBR was inhibited by a
hydrolysis ratio of 13% which transformed to VFA accumulation in system.
The 250 mg.L" of Phenol concentration in POME was an inhibitory of the
microbe in this system. Suspended solids concentration, proteins,
polysaccharides, and volatile fatty acids were the substantial parameters
that influenced the fouling rate.
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INTRODUCTION

Anaerobic-aerobic lagoon systems are applied to treat a wide range of pollutants
before being discharged into water bodies and lands. Anaerobic digestion (AD) consists of
a four-step process involving four different types of microbe groups: hydrolysis,
acidogenic, acetogenic, and methanogenic. A high organic loading rate (OLER) in a single-
phase reactor may cause mnhititions from, for exanyple, rising VFA and phenols. Therefore,
several authors have suggested a two-stage anaerobic process as a solufion, which could
reduce varipus inhibitors, e g, volatile fatty acids (VFAs), phenols, efe. As a result, it
increases the treatment capacity and performance. The two-stage AD has been applied for
the POME treatment (Mamimin et af. 2012; Mota ef al. 2013; Chatkasem ef al. 2014; Khan
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et al. 2019; Enshnan ef af. 2019). Palm ¢il mill effluent (POME) contains high ameounts
of organic compounds, phenolic compounds. and color, which may cause water pollution
The using of POME for biogas production (CHs, CO2, H2S, efe.) through AD has widely
been reported (Teng ef al. 2013; Hasanudin ef al. 2015; Aziz and Hanafiah 2017). In the
two-stage AD, POME is first converted to VEAs during the acid-forming stage (commonly
referred as hydrolysis, acidogenesis, and acetogenesis). Then, during the second stage, the
VFAs are converted into biogas through methanogenesis (Teng ef al. 2013). However, the
operational factors. e.g, OLE, VEAs pH etc.. nmst be carefinlly controlled to ensure zood
equilibrium between acid formation and methane production vig effective bacteria
diversity and activity to prevent failure from aceunmlating acids (Cheng et al. 2020). Borja
et al. (1995) conducted a two-stage up flow anaerobie sludge blanket (UASB) for treating
POME under mescophilic conditions. The organic loading rate was gradually increased
from 2.3 to 17.3 kgcon.m™ d? over 120 days of experiment. The OLE. at a level of 16.6
kgeop.m®.d? yielded a high acid concentration, which later induced failure at an OLR of
17.3 kgeop.m™ d?. The maximum acid production was found to be 4.1 kecop.m™ d”. Gas
production mainly consisted of COz with low methane content. A 1-2% hydrogen gas
content was found at higher OLEs, with further reduced methane content (Borja ef al.
1996). Once the biomass is inhibited, an increase of OLR will decrease the methane
production. Mamimin et al. (2015) conducted a two-stage (thermophilic and mesophilic)
anaerobic sequential batch reactor (ASBR) of POME with am OLR of 60 kgcop.m™ d?
under 2-day hydraulic retention time (HRT). Their results showed a 38% COD removal in
thermophilic reactor. It can be noted that the limitation of two stage AD is around 20
kzconm™ d. The higher OLR. of POME leads to the failure of two stage AD. Hence, a
two-stage submerged anasrobic membrane bicreactor (2-sAnMBR) was proposed for high
OLR and high solid content instead of AD. A high-solid AnMBR has been studied for the
benefit of biogas production via anaerobic digestion (Cheng ef al. 2020; Arunbaatar ef al.
2021). The operating conditions of both stages mmst be well controlled for the better
effective treatment at high OLRs, especially with the self-nhibiting products such as
phenols in POME. Athigh OLRs, there are many factors affecting filtration performances,
e.g., soluble microbial product (SMP), MLSS, viscosity, VFAs, efe. (Qhao ef al. 2013; L1
et al. 2020).

The aim of this smdy was to assess the performance of a two-stage anaerobic
treatment involving high AnMBR OLR. Afterward, the purpose was focused on the
wdentification of the relevant parameters/elements to be menitored in order to overcome the
limiting factors under high OLRs. These inhibiting facters wers also analyzed in order to
determine the system maxinmun capacity and to increase and improve the use of AnMBR
for hugh OLR. and selids feeding by POME effluent.

EXPERIMENTAL

Palm Oil Mill Effluent (POME) and Inoculum Sludge

The POME wastewater and shudge samples were collected from a covered lagoon
bioreactor (CLBR) in the Surat Thani palm il factory, Thailand. The characteristics of the
POME and sludge moculum were analyzed following the Standard methods outlined by
AWWA (2012); the results are presented in Table 1. The POME sample was stored at a
temperature of 4 °C until used to minimize selfbiodegradation. At the begimning,
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wastewater and seed sludge were added to the reacter in a 1:1 (W) propertion. Then, this
inoculum has been acclimatized after step feeding with 10% of POME concentration
during four weeks in order to enhance AnMBRs startup success.

Experimental Setup and Operation of a Two-stage Anaerobic Membrane
Bioreactors (AnMBR)

A schematic diagram detailing the set-up of the two-stage anaerobic bioreactor 13
shown in Fig. 1. It consisted of an anaerobic hydrolytic reactor (HE) and an anaerobic
membrane bioreactor (AnMBR) made of polysulfone hollow fibers with a 0.025 m” area,
which were fabricated as described in a previeus study (Chaipetch ef al. 2021). The
operational conditions are presented in Table 2. The operating pH of the HR and AnMBR
were kept constant at 4.5 = 0.3 and 7.2 £ 0.2, respectively, with adjustment of 2 M HCl or
NaHCO: solutions. The reactors were operated until stable COD removal and biogas
production were reached.

Table 1. Characteristics of Raw Palm Qil Mill Effluent (POME) and Sludge
Inoculum (Mean + Standard Deviation)

Parameters POME Sludge Inoculum
pH 211+01 Tr3x01
Temp {"C) 4905 40+£0.5
TCOD {g/iL) 190 + 15 180 + 15
SCOD (gl 120+ 8 1105
TS (g} JBEX0IZ 412+0.2
S5 {gl) Z33+02 326+03
VS {glL) 128+04 11.5+04
TKM (gL} 078010 0.25+0.02
Alk (gL as CaCO3) 326045 1.62 +0.38
Mote: TCOD: Total Chemical Oxygen Demand; sCOD: Soluble Chemical Oxygen Demand; TS:
Total Solids; 55: Suspended Solids; VS: Volatile Solids; Alk: Alkalinity; THN: Total Kjeldahl
Mitrogen; and Temp: Temperature

Faed tank

@

Gas countar

L]

Fig. 1. Lab-scale diagram of two-stage submerged anaerobic membrane bioreactor (sAnRMBR).
pHC: pH controller, TC: temperature controller, W1: Hydrolytic reactor, and V283 Anaerobic

membrane bicreactor
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The OFP and pH were recorded daily in both HR and AnMBE. tank. Samples were
collected three times per week to amalyze the TCOD, SCOD, TS5, T5, V5, V55, and
alkalinity, following the Standard methods ouflined by AWWA (2012). The VFA
components were determined wia GCOFID (Agilent TB90A, Santa Clara, CA) using a 3 m
stainless steel column packed with molecular sieve with 60 mesh to 30 mesh and 100 mesh
to 120 mesh Heliom was used as the camer gas at a flow rate of 35 mL/min The
temperatures of the injection port, oven, and detector were set at 220 °C, 60 °C, and 220
*C, respectrvely. The volume of biogas production was measured viag a gas counter, and
the composition of the biogas was measured via gas chromatography using a Shimadzuo GC
BA (Eyoto, Japan). which was fitted with a 2 m stainless steel column packed with
molecular sieve 58 (204100 mesh). Helium was used as the carrier gas at a flow rate of 33
ml /min The temperatures of the injection port, oven, and detector were set at 100 °C, 40
°C, and 100 °C, respectively. The compositions of the biogas were measured via gas
chromatography through 0.5 mL gas sample injected in triplicate.

Table 2. Operating Conditions of the Anaerobic Hydrolytic Reactor (HR) and
Submerged Anaerobic Membrane Bioreactor (sAnMBR) under Mesophilic
Conditions (35 °C £ 5 °C)

) - Phase | Phase Il Phasze Il
Operating Conditions (Day 010 90) | (Day 91t 180) | (Day 181 to 270)
Influent Flow (L/d) 15 2 33
'ﬁ;&;ﬁm' HRT (d) 3.33 25 151
ol 5g|_] TCODintient (QCODIL) 189 748 788
TS (gTSL) 326 35.1 357
OLR (kgCOD.m>.d") 57.2 992 1926
Influent Flow (L/d) 12 72 12
HRT (d) 33 25 15
TCODwaue (gCODIL) 142 143 148
AnMER TS (gTSL) 451 47.0 a7 1
:mmg (kgCDDOU_nTz ) 426 57.2 99.1
Membrane fluxes
10L) ) 2 2.04 202
Internal recirculation
L) 1.8 28 55
Gas sparging (L) 1.25 1.25 1.25

The hydrolysis and acidogenesis ratios in HE. were calculated according to Eqs. 1
and 2, respectively,

(TCOD-SCOD)inf —({TCOD-5SC00 e [ (0
(TCOD—SC0D )

Hydrolysis ratio (%) =

CODyFAreactar—CODVEA S| B
(TCOD—C0 Dy g i 100 2

Acidogenesis ratio (%) =

where fnfis the influent; gffis the effluent, and TCOD and CODxE. comrespond to the total
COD and the COD in term of the volatile fatty acids (VEFAs), respectively (Cheng ef al.
2020

The acidegenesis and methanogenesis ratios, as well as the observed CH; yield in
AnMBR. were calculated according to Eqs. 3 and 4, respectively,
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CODcy,
TCOD gy

Methanogenesis ratio (%) = x 100 (3)

Biogas production x %wCH,

Observed CHy yield = T T

{LEH+J|IIE 1:1:JIJr|r||||nﬂ:|l:I

where CODcq+ corresponds to the COD in term of the methane gas, %5CH4 15 the methane
content in bicgas, and (Q 13 the flowrate of the influent (Sema-Garcia af al. 2020).

The impact of the VFAs on the methane yield was determined nsing SPSS statistical
software version 23.0 (IBM, Ammonk NY). The data were analyzed via one-way analysis
of variance (ANOVA) using the least significant difference (LSD) at a p-value of less than
or equal to 0.05.

The membrane filtration was eperated under sub-critical and flux constant modes.
To prevent fouling, the relaxing conditions and internal recireulation were set to be the
same as the previous study (Chaipetch ef al. 2021). The fouling rate was determined by the
ratio of flux obtained per transmembrane pressure. The SMP was quantified from the
concentration of proteins and carbohydrates. The supernatant was collected after
centrifugation at 8000 rpm for 15 min The sample was filtrated via a 0.45 pm membrane
for proteins (PT) and polysaccharides (PS) analysis (Cheng of al. 2020). The PT were
analyzed vig a modified Lowry method and the PS were analyzed vig the phenol sulfuric
acid method (Chaipetch ef al. 2021). The effects of the parameters, i e, PT, PS, and MLSS,
on membrane fouling were analyzed vig multiple linear regression (ANOVA, p-value of
less than 0.035). A stepwise multiple linear regression was performed to determine which
variables could be used to estimate the fouling rate based on the obtained data (Mota ef al.
2013; MNavarrete 2020). A 95% confidence level was adopted for all tests. The phenol
concentration in the permeate at the end of each phase was analyzed wvig the

spectrophotometry method (Merck spectroquant Prove 100, Merck, Eenibworth, INT).

4)

ellugnt

RESULTS AND DISCUSSION

Hydrolysis Reactor Performance

The hydrolysis reactor was studied in 3 phases, 1.2, phase I (day 0 through 90, with
an OLR of 57 kgCOD.m™ d™"), phase II (day 91 through 180, with an OLR of 99 keCOD.
m=.dY), and phase III (day 181 through 270, with an OLR of 192 keCODm™.d").
According to Fig. 2a, the TCOD of the influent increased in stages, which implied
corresponding increases in OLR. In contrast, the SCOD of the influent tended to be slightly
increased from phase I to phase III which confirmed the hydrolysis process. In the influent,
the averages of the TCOD of phases L, I, and III were 185.7 gL, 245.4 2L, and 2584 gL,
respectively, while the SCOD were 62.93 + 233 o/L, 6007 + 3.14 gL, and 6030+ 204
gL, respectively, due to the different batches wsed in this work. The relative increase in
the TCOD were 31.6% and 53.0%, whereas the increases were enly 13.2% and 20.7% for
the effluent respectively. In contrast, the relative SCOD increase in the influent from phase
I to II, and phase I to III did not vary much (-4.15% for both). However, they were 2.1%
and 5.3% for the effluent, respectively. In phase I, the TCOD of the effluent was higher
than the TCOD of the influent because of excess TCOD from the inoculum (180 = 15 gL
TCOD).
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In phase II, the TCOD of the effluent was similar to the TCOD of the nfluent,
whereas it was lower in phase III. This could be due the partial corrversion of the TCOD
inte carbon dicxide and hydrogen via anaerobic hydrolysis and acidogenesis as the OLR
increases. The microbes in the HR convert the organic compounds into volatile acids, as
shown by the increase in the total VEAs. The major species of VEASs (as shown in Fig. 2b)
were acetic acid (26%), followed b].rpmpiunic acid (20.2%), butyric acid (17.4%). i-valenic
acid (13.8%), valeric acid (12.1%), and i-butyric acid (10.6%). This finding was aligned
with the results of Liu ef al. (2006). All the VFAs gradually increased during phase I (from
0.4 gL to 0.8 g'L) and plateaned in phase II (0.6 g/L to 0.7 g/L) before further increasing
in phase IIT. from 0.7 /L to 1.0 g/L. The higher the OLE, the greater the amount of VFAs.
From this experiment, increasing the OLR enhanced the VFA conversion rate, however,
with limitations. The VFAs content in phase [ linearly increased from the beginming until
the 907 day. Increasing the OLR from 57 keCOD.m™ d! to 98 kgCOD.m™ d', however,
did not lead to a higher VFA content than in phase I It can be summarized that an OLR
between 57 and 98 keCODm” d' was acceptable in the HR in regard to the VFA
production. In addition, it was considerably higher than the OLR given in Boga ef al.
(1996), which was 16.6 keCOD.m™ d™.

As seen in Table 1, the TS of the POME was 33.6 gL = 0.2 g/l and consisted of
£9.3% suspended solids. The VS (12.8 g/l =0.4 g/L) accounted for 38.1% of the T3, which
may have been carbohydrates, fibers, sugars, proteins, and fats (Teoh and Mashitah 2010;
Sinnaraprasat and Fongsatitlnl 2011). These compounds can be converted to be monomers,
e.g., volatile acids and fatty acids. The increasing VEA contents (Fig. 2b) was correlated
to the decrease in the 55 (Fig. 2c). The V5 contents were relatively stable, however, so it
can be reasoned that the 55 changed to VS, i.e., VFAs. This was confirmed by the stable
SCOD in the effluent of the HE. Generally, HE. does not remove CODs but converts the
polymers into menemers or simpler forms of orgame compounds. However, considening
the S5, it can be reasoned that the reducing the 55, e, fibers, changes them to VS, ie,
VEAs.

The hydrolysis ratio, interestingly, increased as the OLR increased. The hydrolysis
ratic was quite scattered in phase I due to the starting up instability. The range of the
hydrolysis ratio was between 11.7% to 60.0% (an average of 39.0% = 13.3%). During
phase I and phase I, the hydrolysis ratio was more stable, as well as considerably higher.
The percentages increased in phase I to reach 87.1% 100.0% (an average of 98.4% =
3.9%%). The best hydrolysis ratio belonged to phase ITT and was equal to 100% for the entire
period. The hydrolysis ratio confirmed the previous evidence that a higher OLR yielded
greater degradation of complex compounds into simpler compounds, g, VFAs. The HR
was very effective in comverting organic compounds for easier uptake from the
methanogens, which were poorly present in this reaction as confirmed by the very low
methane content mn the produced gas (1.63% = 0.04%, 1.57%% = 0.1%, and 1.26% = 0.02%
in phase L II. and I, respectively). Note that Tm et al. (2006) found no methane at an
OLR of 33 kgCODm™ d'{or 37.5 kevsm™ d") (HR) for a household-waste two stage
anaerobic digester. Mamimin ef al (2013) studied a two-stage anaerobic digester with
thermophilic and then mesophilic reactors for POME treatment. At an OLR of 60
kgCOD.m™ d7 (similar to this study), they obtained a COD removal of 38%, which was
10%% in our hydrolytic reactor (during phase II). This could be accounted to the higher
temperature when compared with this work
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Anaerobic Membrane Bioreactor (AnMBR) Performance
Chemical oxygen demand (COD) removal

Aeccording to Fig. 3, the TCOD in the influent and permeate inclined to increase as
the OLE. increased.

# HR Influent (TCOD) B HR Effluent (TCOD) A HR Influent (SCOD)
HR Effluent (SCOD) —ai—Total VFA
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Fig. 2. Performance of the hydrolysis reactors; a) TCOD, SC0OD, and total VFA; b) VFAs and pH;
andc) TS, VW3 and T3S
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The average COD removals were 74%, 66%, and 63% for phase I, phase II, and
phase III, respectively. Hence, the increasing TCOD or OLR degraded the AnMBR
performance following a slight linear trend, as shown in Fig. 3. The COD of the permeate
(CODge) was high, ie., 30 g/L, while the SCOD in the reactor and permeate tended to be
stable even though it slightly increased from phase IT to ITI. The CODge: and SCOD shewed
the same stable pattern. Methanogenesis was itself very effective, with a 35% TCOD
removal rate. The membrane filtration removed between 23.9%% and 34.7% of the TCOD.
The COD removal performance was supported by the physical process from the membrane
filtration, which accounted for approximately 50% of the overall removal percentage
during phase II and phase III. Hu ef af (2017) presented a 2% to 21% mcreasing COD
removal rate obtained from membrane filtration.

Stably controlling the pH at neutral pH conditions (7.35 to 7.83) for methanogens,
increased the efficiency of the biogas vield (Yu ef al. 2018). The COD balance in the
AnMBR is presented in Fig_ 4. The methanogenesis ratio in phase I {53.45%) and phase IT
(30.18%), were higher than in phase III (40.15%). These results agreed with the COD
remeval trends presented above. At the beginming of phase II, the COD removal rate
gradually decreased and then sharply dropped after 133 d. In phase IIT, the COD removal
and methanogenesis ratios were the lowest, probably due to overloading. The igher OLE
was from the incomplete biodegradation of the VEA, which resulted in the hydrolysate
being carried to the AnMBER. The inecreasing OLR in phase Il explained the higher
hydrolysis ratio (13%) compared to phase [ and IT (0.87%% and 0.72%, respectively). The
COD proportions in phase IIT showed that the acidogenesis ratio and methanogenesis ratio
were limited by the residue hydrolysis ratio, as sinnilarly observed by Cheng of of (2020).

Hence, the treatment of POME at a high OLE. and high suspended solids content
improved the COD removal vig biological process and membrane filtration of the AnMBER
(Mota et al. 2013; Cheng ef al. 2020; Arnunbaatar af . 2021; Chaipetch ef al. 2021).
However, the OLR. should not exceed 50 kgCOD.m™ d” to prevent process failure.

Phase | Phase |l Phase Il
210 - - - 100
# Influent COPermeate ASCOD-AnMBR — @% Remowval
180 - : :
: ; . - B0
i F *
3 | o Rl N 020
= L/
) v ’ ®
o 120 - : -'.- m &0
g : :
g M1 : § ¥
8
=

] 45 30 135 180 225 7o

Time {day)
Fig. 3. The COD companent in the AnMBR: system and the COD removal performance
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Phase | Phase I Phase Il

|| Hydrolysls rathe (%) B Acidogenesis ratiof¥) [ Methanogenssals ratlo (%)
Fig. 4. COD mass balance for hydrolysis, acidogenesis, and methanogenesis ratio in the AnMBR

Volatile Fatty Acid (VFA) and Methane Yield

The average biogas production of the AnMBR in phases I IT, and I were 22 8 L/d,
28.5, and 21.2 L/d, respectively. The biogas production gradually increased in phase I and
became more stable in phase II. In phase III, however, it slightly declined due to the higher
OLER, which was responsible for the accunmlation of VEAs in the system, as shown in Fig.
5. The average methane production increased from 13 4 L/d (66%) to 19.8 L/d (69%:) from
phase I to phase II. In phase III, the methane production decreased from 19.8 to 16.1 Lid
(76%) with an OLR. of 99 kg COD.m>d!. This result agreed with Cheng et al (2020),
which increased the co-digestion of sewage sludge by adding food waste. This uppraded
value was also attributed to the improved hydrolysis ratio. In this study the methane yield
decreased due to the uncompleted hydrolysis of FOG (fat, oil, and grease) im POME
presented as co-digestion from hydrolytic reactor when high OLR. The average methane
preduction seemed to decrease as the VEFA production rate increased and the COD removal
decreased. The results agreed with previous studies even through the easily biodegradation
wastewater such as sugarcane vinasse (Santos ef al. 2017), food waste (Cheng f al. 2020,
molasses (Wijskoon e al. 2011), efc. The decrease in the CH: yield as the biogas
preduction, which occurred as OLR. increased, are probably due to a threshold VEA effect
as the pH was controlled.

The major species of VFAs (as shown in Fig 3b) were acetic acid (30.7%),
followed by propionic acid (18.2%), butyric acid (15.3%), i-valeric acid (12.6%), valenc
acid (12.4%), and i-butyric acid (10.8%). The VFA composition in this study was similar
to the compositions found in previous studies (Voelklein ef al. 2016; Enshnan ef af. 2019).
Their findings agreed with this stdy. i.e., acetic acid being the major component and
butyric acid being the minor one, which both positively affected the biogas yield (p-value
was less than or equal to 0.05). The acetic acid is easily transforming to methane, then
presenting a positive effect. Propionic acid presented a negative impact on the biogas yield
due the inhibition it causes to acetoclastic methanogens (Veelldein ef al. 2016). As
previously discussed, due to the high hydrolysis ratio in phase IIT, the VFA was limited at
600 mg/T. becanse the large molecule and LC-VEA increased in the system. The VFA
contents were not as high as the contents found in previous studies but were still high
enough to negatively mpact anaerobic degradation (Wijekoon ef al. 2011; Chaikasem ef
al. 2014). The propionic acid to acetic acid ratio is a good indicator of approaching failure
(Marchaim and Krause 1993). The ratio in this study was higher than 0.7, thus it limited
the methane yield in the AnMBR. In addition, the failure of anaerobic degradation also
affected the filtration performance, as shown by the higher COD and VFA in the permeate.
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Fig. 5 VFA concentrations and methane yields in AnMEBER

Filtration Performance

The internal recirculation and gas sparging were set to prevent fouling due to the
high OLEs and high solids contents. Inphases I IT, and ITT, the flux was obtained at 2.00,
204, and 2.02 LMH, respectively, which was similar to a previous study by the authors
(Chaipetch et all. 2021). The average ML55 concentrations in each phase were between
36.7 gL to 395 g/L. The concentrations of biomass decreased during operation The
fouling rate sharply increased in phase I (0.15 kPa/d to 0.19 kPa/d). In phase II and phase
III, the fowling rate gradually increased (0.18 kPa'd to 0.22 kPa/d), as shown in Fig. 6. In
addition, the fouling rate suddenly increased at the beginning of each phase and stayed
constant until the end of operation. The protein concentrations in the supernatant were 6.4,
6.7, and 7.3 g/L for phases L IT, and IIT, respectively. The polysaccharide concentrations in
the supematant were 9.7, 11.2, and 11 4 g/L for phases I, I, and IIT, respectively.

These results indicated that polysaccharides leached in the supernatant more easily
than proteins. Moreover, the high molecular weight of proteins makes them difficult to
degrade, so they can attach to the membrane surface and cause fouling. In this study, the
SMP followed the same trend as the fouling rate. The statistical analysis confirmed the
impact of all parameters in AnMBR (protein, polysaccharide, ML55, SCOD, TCOD and
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VFA) on the fouling rate. The results showed the impact of those parameters on the fouling
rate as follows: in phase I the statistical analysis showed that only the MLS5 significantly
affected the fouling rate (a R* of 0.50 and a p-value of less than or equal to 0.05). In phase
I1, the statistical analysis indicated that only the polysaccharide concentration significantly
affected the fouling rate (a R* of 0.50 and a p-value of less than or equal to 0.05). In phase
III. both the protein and VFA concentrations were found to significantly affect the fouling
rate (a R* of 0.70 and a -value of less than or equal to 0.05).
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Fig. 6. The fouling rate and SMP concentration in AnMBR

From these statistical results, phase I presented the highest ML35 concentration,
although it gradually decreased due to the removal of the membrane for cleaning. In phase
II, almest all the polysaccharides detached from the extracellular polymeric substances
(EPS), which caused the increased fouling rate (Chaipetch ef al. 2021). The VFAs in the
reactor were not measured in phase III. However, the VFAs in the permeate were measured
and their concentration were simlar to the HE. effluent. This point could be presented as
evidence of VFAs in the AnMBE_ It could imply a hish VFA concentration in the AnlMBE
which inhibited the anaerobic degradation and induced the increased fouling rate.

These results are aligned with the research presented by Mota &f ol (2013). The
bulk solution of a high loading in the AnMBR was fouled by protein-lile substances, which
were released by the acidogens or operated at high VFA conditions. It seems that the
AnMBR was unstable, as shown by the high concentration of VEAs and SMP (proteins
and polysaccharides that are metabolic products of the microbes under inappropriate
enviromment). This was supperted by the high concentration of 300D and VEAs m the
permeate in phase III and presented a linear comrelation. Phenel inhibition was reported in
previous studies (Chanthe et al. 2016; Rea ef al. 2020; Sierra ot al. 2017). In this study, the
phenol contents in the POME and HE were 258 mg/L and 263 mg/L, respectively. The
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phencl contents in the permeate were 8.5 mg/L and 5.2 mg/L in phase I and IT, respectively.
Several studies have reported the low AD performances of wastewater treatment with high
pheneol and phenolic compounds (Hemandez and Edyvean 2005; Pradeep ef al. 2015;
Chantho ef al. 2016; Mufioz ef @l. 2017). the anaerobic membrane bioreactors (AnMBER)
present seeking solutions for this inhibiting compound (Smith ef al. 2014; Shin and Bae
2018).

Therefore, it can be concluded that phenols were not inhibiting the HR and AnMBR
process because the concentration was lower than the critical value reported by Maminun
et al. (2012) and equal to 400 mg/T.. However, the phenol in the permeate in phase IIT was
equal to 258 mp/T.. which was the same as the POME concentration, which indicated an
inhibitor effect, according to VFA accumulation in the system High VFAs probably
inhibited the activity of anaerobes. which affects phencl degradation as well The results
of phenol rejection were small becanse its molecular weight cut-off (MWCO) was smaller
than the membrane pore size. Hence, it 15 a biological process that removes a considerable
portion of the phenols rather than the membrane filtration.

CONCLUSIONS

1. The treatment of palm oil mill effluent (POME) at a high organic loading rates (OLR)
via a two-stage anionic membrane bioreactor (AnMBE) presented suitable potential for
renewable energy production. The higher the OLRs, the greater the volatile fatty acids
(VEA). The chemical oxygen demand (COD) removal performance was 70% higher
for the coupling process, i.e., the biological process and membrane filtration The
membrane filtration added a further 23.9% to 34.7% COD removal rate.

The AnMBR has the potential to produce a relevant effluent for fertilizer issue, which

can be readily concentrated by membrane process.

3. An OLR higher than 50 kgCOD.m” d" induced an accumulation of VFAs, which
inhibited the methanogenic activity in the AnMBR in favour of a higher hydrolysis
ratio. The ratio of propanoic acid to acetic acid was higher than 0.7, which indicated an
approaching anaerobic failure.

4. The MLSS, protein, polysaccharide and VEA contents were the significant observed

parameters that influenced the fouling rate.
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Abstract: The characteristics of foulant in the cake layer and bulk suspended solids of a 10 L
submerged anaerobic membrane bioreactor (AnMBR) used for treatment of palm oil mill effluent
(POME) were investigated in this study. Three different organic loading rates (OLRs) were applied
with prolonged sludge retention time throughout a long operation time (270 days). The organic
foulant was characterized by biomass concentration and concentration of extracellular polymeric
substances (EPS). The thicknesses of the cake layer and foulant were analyzed by confocal laser
scanning microscopy and Fourier transform infrared spectroscopy. The membrane morphology
and inorganic elements were analyzed by field emission scanning electron microscope coupled
with energy dispersive X-ray spectrometer. Roughness of membrane was analyzed by atomic
force microscopy. The results showed that the formation and accumulation of protein EPS in the
cake layer was the key contributor to most of the fouling. The transmembrane pressure evolution
showed that attachment, adsorption, and entrapment of protein EPS occurred in the membrane
pores. In addition, the hydrophilic charge of proteins and polysaccharides influenced the adsorption
mechanism. The composition of the feed (including hydroxyl group and fatty acid compounds)
and microbial metabolic products (protein) significantly affected membrane fouling in the high-
rate operation.

Keywords: anaerobic membrane bioreactor (AnMBR); wastewater; biofouling; protein; EPS

1. Introduction

Alternative energy sources are widely promoted for sustainable development, in-
cluding in wastewater treatment. The palm oil industry is one of the industries that can
practice effective energy recovery from its waste and wastewater [1,2]. Palm oil mill ef-
fluent (POME) has a high potential for energy recovery due to its high chemical oxygen
demand (COD), which can be converted to biogas by anaerobic digestion [3-5]. POME has
high organic content, high organic loading rate (OLR), and high sludge concentration, all
of which enhance the potential for methane (CH,) production. To produce biogas from
POME, anaerobic membrane bioreactors (AnMBRs) have been proposed for their high
capacity and small footprint; however, membrane fouling, which causes permeate flux
decline, is a substantial limitation of the technique [6-#]. An understanding of fouling
mechanisms and foulant composition is important to effectively control high-rate AnMBR
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operation. Many researchers have studied fouling prevention strategies, such as air sparg-
ing [9] and filtration mode (relaxation) [10,11], among others. Fouling in a membrane
reactor unit can be categorized as either reversible or irreversible. Reversible foulants
include biomass, suspended solids, and inorganic precipitates, which form a cake layer
attached at the membrane surface. Reversible fouling can be prevented by controlling
hydrodynamic conditions or it can be removed by physical cleaning [11,12]. Irreversible
foulants, on the other hand, are produced by microbial products, such as extracellular
polymeric substances (EPS) forming a gel layer, and soluble microbial products (SMP) ac-
cumulating on the cake layer or in the membrane pores [12,13]. Irreversible fouling can be
removed by chemical cleaning [11]. A substantial amount of research has evaluated fouling
behavior in AnMBR, with different operational conditions affecting cake layer formation,
EPS and SMPF, and inorganic precipitates [13-18]. The operational conditions, especially
the OLR, can affect microbial production, biomass concentration, and EPS concentration.
The fouling of AnMBR in low-strength wastewater and/or at low-rate loading has been
observed in many studies. For example, when an AnMBR was operated for a long term
in a low-rate condition, the EPS concentration significantly increased with the increase in
OLR [15]. High OLR also induced cake layer formation, which increased transmembrane
pressure (TMP) due to high filtration resistance. The addition of biochar to reduce fouling
propensity has been proposed as a solution. The addition of biochar resulted in less cake
layer formation, as confirmed by confocal laser scanning microscopy (CLSM) and energy
diffusive X-ray (EDX) analysis [18]. Under medium to high OLR, EPS accumulation in the
cake layer has been shown to contribute most to system fouling, as confirmed by scanning
electron microscopy (SEM), EDX, Fourier transform infrared (FTIR) spectroscopy, CLSM,
zeta potential, roughness, and contact angle [13]. In addition, a higher OLR can cause
EPS to be more viscous and hydrophobic, which makes it adhere easily to the membrane
surface [14]. The effects of OLR on fouling have also been confirmed when using a ceramic
membrane in AnMBR. During high-loading leachate wastewater treatment, fouling was
affected by OLR > mixed liquor suspended solids (MLSS) > EPS = SMP [17].

In this study, a fabricated polysulfone (PSf) hollow fiber membrane was used for
POME treatment by AnMBR. 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 spectrometer (EDS) to observe and evaluate the fouling under
high-rate conditions to understand the fouling composition and mechanisms over a long
operation period.

2. Materials and Methods
2.1. Materials

POME and sludge samples were collected from a palm oil factory in Surat Thani,
Thailand. The characteristics of POME, including pH, temperature, total COD (TCOD),
soluble COD (SCOD), total solids (TS), volatile solids (VS), suspended solids (55), and
volatile suspended solids (VSS), were analyzed after acid fermentation to remove fat, oil,
and grease (FOG) and large particles in wastewater (Table 1). The POME had high organic
strength with TCOD and SCOD of 242 and 107 g/L, respectively. The TS was 18.5 g/L,
while VS was 10.3 g/L. Thus, a large fraction of the solids was volatile. The S5 and VSS
were 8.9 and 3.2 g/L, respectively.

Table 1. Characteristics of palm oil mill effluent (POME) after pretreatment.

P " H Temp. TCOD S5COD TS Vs Ss VSSs
arameter P 0 (gL (gl (gL (gl (gL (g
Pretreated POME 5.11 35 242 107 185 103 8.9 3.2

Note: total chemical oxygen demand (TCOD), soluble COD (SCOD), total solids (TS), volatile solids (VS),
suspended solids (55), and volatile suspended solids (VS5).
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The inoculum sludge was analyzed following standard methods [19]. The initial
concentrations of MLSS and mixed liquor volatile suspended solids (MLVSS) were 32.57
and 26.10 g/L, respectively.

2.2. Membrane Production and Characteristics

Polysulfone resin (19 wt%), polyvinylpyrrolidone K30 (2 wt%), and propylene glycol
(PEG, 4 wt%) were dissolved in N-Methyl-2-pyrrolidone (NMP) at approximately 70 °C for
about 5 h to form a homogeneous dope solution. Then, the dope solution was transferred
into a polymer dope tank and kept overnight at 40 °C to eliminate the air bubbles formed
during stirring and pouring. The degassed dope solution was used to fabricate polysulfone
hollow fiber membranes (PSf) through a dry-wet spinning process. Distilled water and
tap water at room temperature were used as bore fluid and coagulant, respectively. The
dope solution and bore fluid (water) were pressurized by nitrogen gas through a spinneret,
with an outer tube diameter of 1.06 mm and inner tube diameter of 0.66 mm, to from
a coagulation bath of water. After separation and solidification, the membranes were
collected by a roller. The obtained membranes were immersed in water over 3 days to
completely remove the NMP used in the membrane fabrication. Next, the membranes
were immersed in 10% aqueous glycerine solution for 1 h to preserve the pore structure
during drying. The fabricated membrane had a molecular weight cut-off (MWCO) of
67 kDa. The virgin membranes were characterized for morphology, chemical composi-
tion, and roughness by FESEM with EDS (FEI/Apreo, Eindhoven, Netherlands), FTIR
(Vertex 70, Bruker, Germany), and atomic force microscope (AFM; Flex Axiom, Nanosurf,
Switzerland), respectively.

2.3. Experimental Setup and Operation of Anaerobic Membrane Bioreactor (AnMBR)

A schematic diagram of the AnMBR setup is presented in Figure 1. The AnMBR
consisted of a hollow fiber membrane module with total surface area of 0.025 m? ina 10 L
reactor. The module was comprised of 65 membrane fibers, each 24 cm in length, and a
fiber outside diameter of 0.1 mm. The fibers were potted in a PVC module with epoxy resin,
and the module had a diameter of 0.6 cm. The PSf hollow fibers were fixed only at the
bottom. The module was operated in an outside-in flow regime under a vacuum pressure
in the range of 0.15-0.25 bar, which was supplied by a peristaltic pump (Masterflex, L/S,
Cole-Parmer, Chicago, IL, USA). The TMP at the head of the module was measured by
the vacuum pressure gauge, which had a similar set-up to a typical membrane bioreactor
operation [7,20]. The reactor was operated under a high OLR for 270 days. The overall
operation was broken into three 90-day periods, named periods [, I, and Ill, during which
the OLR was modified. The POME feed rate was controlled with a peristatic pump at 3, 4,
and 6.7 L/d for periods I, 11, and 111, respectively, which was equivalent to an OLR of 43,
57, and 99 kg COD/ m3/d, respectively. At the end of each period, the membrane module
was removed and chemically cleaned before the next period. After sludge removal, the
fouled membrane from each period was collected for foulant characterization. The physical
backwash was set up under 0.5 bar for 1 h followed by the chemical cleaning [11]. The
chemical cleaning was achieved by soaking the physically cleaned membrane module in
1% acetic acid solution for 2 h, 1% NaOH for 2 h, and then 10% sodium hypochlorite for 2 h,
respectively. The prolonged sludge retention time (SRT) was operated without extraction.
However, small samplings were carried out for the purpose of this study.
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Peristaltic

pump
Submerge Anaerobic Membrane Bloreactor 10L

Figure 1. A diagram of the lab-scale submerged anaerobic membrane bioreactor (AnMER).

2.4. Biomass Analysis

The biomass sample from the AnMBR system was measured for its MLSS, MLVSS,
and EPS concentrations. MLSS and MLVSS in the reactor were measured twice a week
using standard methods [19]. EPS solution was extracted from the bulk sludge suspension
according to Li et al. [21]. EPS samples were analyzed for protein concentration through a
modified Lowry method using a BSA standard [22] and for polysaccharide concentration
through the phenol sulfuric acid method with glucose as a standard [23].

2.5. Membrane Fouling and Characterization

The membrane filtration was operated under subcritical flux in the TMP constant
mode. The permeate flux and permeability rate were measured daily. To minimize physical
fouling, gas sparging was added at 1.25 & 0.25 L /hr through a gas recirculation from the
AnMBR tank and internal liquid recirculation. At the end of each period, the foulants in
the reactor and at the membrane surfaces were analyzed and characterized, as follows.
e  Organic fouling

The hollow fiber membranes in the AnMBR were cut into small pieces of 1 cm length,
and the biofilms (attached cells) were dyed with SYTO 9 for 30 min in the dark at room
temperature, in order to analyze the distribution of the bacterial cells [24]. Then, the
pieces of membrane sample were rinsed with 1 x phosphate buffer saline (PBS) solution
to remove excess dye and were incubated for 30 min in the dark, with a mixture of Sypro
Orange (green) and Con A Alexa (red). The green represents the total proteins and the
red represents polysaccharides, respectively [25]. After that, the membrane samples were
rinsed by 1 x PBS solution to remove excess dye from the membrane. The small membrane
pieces in the transverse direction (20 mm thick slices) at =20 °C were examined immediately
using CLSM (Fluoview FV300/Olympus, Tokyo, Japan). The functional groups of foulants
on the membrane surface and the freeze-dried EPS were analyzed with FTIR.
® Inorganic fouling

The membrane preparation was conducted following a procedure reported by Kaya
et al. [13]. The membrane morphology and inorganic foulants were characterized by
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FESEM (FEI/Apreo) coupled with EDS (Oxford). The roughness of virgin and fouled
membranes were analyzed by AFM (Flex Axiom, Nanosurf, Switzerland).

3. Results
3.1. The Relationship of Biomass and EPS

The average of MLSS concentrations during periods I, 11, and III were 39.51 + 2.49,
38.04 = 1.12, and 36.71 & 1.17 g/L, respectively. As the OLR in each subsequent period
was increased by increasing the feed flow rate, higher concentrations of biomass in the
reactor were achieved. In this experiment, a small fraction of biomass was lost as the
membrane module was removed from the reactor for chemical cleaning between each
period of the experiment. The average EPS concentration was around 166.02, 177.27, and
193.15 mg/L for periods I, 11, and III, respectively. Protein made up a large fraction of EPS
(77-79%), as shown in Figure 2a. The EPS concentration was not correlated to the biomass
concentration, but EPS content increased with the increase in OLR in the reactor. The
increase in OLR may have promoted sludge aggregation [26,27]. As shown in Figure 2a,
high concentrations of protein were produced rather than polysaccharide. Consistent
with this result, a previous study reported that protein had a low first-order kinetics
constant (k) compared to polysaccharide. Thus, the increase in SRT can promote greater
protein concentration in the biomass, rather than polysaccharide [25]. Biomass-associated
product (BAP) formation in the EPS was shown [14,29]. From Table 2 and Figure Zb,
the specific EPS was correlated to the average HRT, which agreed well with the results
obtained by Santos et al. [29]. The increase in HRT enhanced the degradation of persistent
organic substances in high OLR. The ratio of polysaccharine/protein (C/F) ratio was
between 0.26-0.28, which was in a similar range to previous studies [21,29]. In addition,
the specific protein concentration in EPS increased exponentially, while the polysaccharide
increased linearly. A previous study has observed this trend [14]. Increasing feed rate
and microorganism concentration caused an increase in C/F. The F/M ratio was higher
than 2.5 for high OLR—a finding also confirmed in previous research [30], in which the
EPS concentration decreased as F/M decreased. The production of EPS from biological
metabolism was conclusively dependent on feed condition, F/M ratio, and HRT.

#® Polysaccaride {mg/g MLVSS)

WProtein O Pelysaccharide
- 4  Protein (mg/g MLVSS)

EPS content {mg/g MLVSS)
w

n m o 3 6 9 12 15
Periods @ BRT(d) ®

Figure 2. EP'S characteristic: (a) composition and (b) specific EPS content as a function of HRT.

3.2. Membrane Filtration Performance

The filtration performance was assessed at different OLRs. Meanwhile, the internal
recirculation rate with gas sparging was used to inhibit particle accumulation. According
to the operational conditions, the average flux was 2.00, 2.04, and 2.02 L/m2/h during
periods I, 1L, and III, respectively (Figure 3a). The obtained flux slightly fluctuated at
the beginning of the experiment with the controlled TMP lower than 0.3 bar to prevent
membrane deformation. Then, the TMP and permeability slightly increased in the middle
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period and gradually increased until 0.25 bar was reached. The operation of each period
was stopped when the final permeate flux was as low as 1.85 L/m?/h. Critical flux control
and internal recirculation were used to induce shear stresse on the membrane surface
to minimize particulate fouling. An accumulation of suspended solids in the reactor
increased the viscosity of the supernatant. The high rate of recirculation was intended
to avoid clogging and accumulation of solids. The control of hydrodynamic conditions
by internal recirculation and the critical flux control can prolong the membrane filtration
period, resulting in less frequent cleaning [15,31,32].

Table 2. EPS substances and fouling parameters evaluated for each OLR.

OLR EPS (mg/g MLVSS) CLSM Thickness (um) TMP Rate
Period  ocoD/m® x ¢y  HET (@
8C Polysaccharide  Protein ciP Polysaccharide Protein (bar/d)
| 43 13 326 +£013 1191 £ 0.77 027 1016+ 233 1074 +£291 0.191 + 0.m7
1| 57 10 2410325 B5T £ 0594 0.28 1534 4+ 297 1752 £ 399 0.195 £ 0.7
11§ 99 6 158 £ 0.17 599 + 0.66 0.26 1624+ 274 157.56 £+ B1.46 0.192 + 0.016
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Figure 3. Flux (a), F/M (b), and EPS (c) profiles compared to TMP during operational periods I, I1,
and IIL
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OLR increased and HRT decreased from period to period, while TMP rate (dI’/dt)
was nearly equal (Table 2). Within each period, the TMP increased due to the increase in the
resistance of membrane (Figure 3). As TMP increased, the concentration polarization and
the number of collisions between particles increased. The increasing pressure also forced the
particles to approach the membrane pores, thus inducing pore blocking after cake formation.
Also, the EPS accumulation in the cake layer could have been released into the pore, causing
pore blocking. High EPS concentration is an indication of biopolymers attached to the
membrane surfaces, which also increases membrane resistance [29], especially in period
II (Figure 3).

The higher OLR induced an increase in F/M ratio (Figure 3b) and a decrease in
specific EPS in the system (Figure 3c). The average F/M ratio was 2.0, 3.2, and 5.5 g COD/g
MLVSS/d. The MLSS concentration varied similarly to the F/M ratio and TMP. Once MLSS
reached the critical concentration of 40 g/L, it caused TMP to rise rapidly. This jump in
TMP was caused by a strongly attached cake layer on the membrane surfaces. On the other
hand, for period 11, the MLSS concentration did not change, but the TMP jumped at day
159. This result indicated that, not only was TMP affected by MLSS, but also affected by the
composition of the colloid or supernatant in the reactor. The TMP result agreed with EPS
characterization results (Figure 2), in which the concentration of polysaccharide remained
unchanged but proteins increased with time. There is a possibility that the increment of
cake layer was related to increasing EPS. The greater protein concentration in the EPS
resulted in greater fouling behavior in AnMBR. Many studies have reported that protein,
rather that polysaccharide, was the main contributor to membrane fouling [17,18]. In
addition, the increase in OLR rather than EPS production significantly affected fouling
and was associated with other operational parameters in AnMBR [17]. It should be noted,
though, that this study refers to a lab-scale implementation and, therefore, the critical
numerical values of MLSS must be verified in pilot- or field-scale plants.

3.3. Organic Foulant

CLSM

As seen in Figure 4, 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). Moreover, as the OLR of the AnMBR reactor increased, the thickness
and the specific EPS also increased (Table 2). The thickness of proteins was higher than that
of polysaccharides. The spatial distribution of the protein showed that protein more easily
attached on the membrane surface than polysaccharide, due to the charge of the membrane
surface [17]. At the beginning, our study observed the attachment of a polysaccharide layer
followed by the deposition of protein on the cake layer. Matar et al. [25] observed similar
results that indicated that protein is a major biofoulant in EPS, as analyzed by CLSM. The
distribution of microbial flocs, mainly protein (green color in Figure 4), was clearly found
at the bottom of the membrane fibers. It can be concluded that fouling was caused by
adsorption of proteins, followed by a deposition of proteins on the membrane surface that
leads to the entrapment of proteins in the pores (as can be called pore blockages). The
accumulation of protein EPS in the biomass granule and at the membrane surface can occur
even under shear force at the surface due to increased gas sparging, demonstrating the
accumulation and attachment was caused by the surface charge interaction [33,34]. The
presence of proteins and polysaccharides in the hydrophilic fractions of organic substances
resulted in irreversible fouling of different membranes.
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Protein

Polysaccharide

Period I Period 11 Period IT1

Figure 4. CLSM images of cake layer in AnMBR: period I (a,d), period II (b,e), and period I1I (c,f).

FTIR

Summary of FTIR spectra peak assigned for the samples is showed in Table 3. The
FTIR spectra of the virgin membrane showed peaks at 3288 em~1, 2964 cm=!,1584 em™—1,
1244 cm=1,1115 cm=!, 832 cm~!, and 558 cm~! (Figure 5a). These peaks were attributed
to aliphatic amide, O-S-O stretching, C-O-C stretching, C-C aromatic, and C-H stretching
of aromatic ring of PSf from the reaction of polymer chain [35]. The fouled membranes
had peaks at 1638 cm~! and 1400 cm~! that corresponded to protein EPS in amide I
functional group (peak 2) and amide II functional group (peak 3) (Figure 5a), which was
also observable in zone B of the EPS (Figure 5b). These peaks were caused by the formation
and release of biomass products on membrane surfaces [13]. Strong and high spectra were
observed in period II, which correlated to the higher concentration of biomass in the reactor.
On the contrary, the high OLR caused a high F/M ratio and induced the excretion of SMP to
be higher than EPS, which led to membrane fouling [30]. In addition, the polysaccharides,
which contain carbohydrates, presented a peak at 1040 cm~! on fouled membranes. This
peak disappeared in EPS but clearly presented in the permeate, suggesting that a fraction
of polysaccharides can pass through the membrane. Once the biomass was attached to the
membrane surfaces, the cake layer and gel layer were formed, causing biofouling, especially
by proteins [25]. The FTIR spectra showed peaks at 3246 cm~?, 1597 cm~!, 1408 cm~!,
1255 ecm~!, 1036 cm~!, and 610-870 cm~! (Figure 5b). These peaks corresponded to
hydroxyl ions (O-H stretching), fatty acid and lipids (C-H linkage stretching), aliphatic
methylene groups [36], nitrogen compound (C=N stretching), lignin [37], C-O stretching of
polysaccharides, phosphorus compounds (P=0 stretching), short C chains (humic acids),
and inorganics (Si-O complex), respectively [36-38]. Moreover, the peak at 1231 cm™" that
was assigned to the stretching vibration of P=0 in POME disappeared in EPS, but it was
observed at low intensity on the fouled membrane surfaces. The absence of a P=0 peak
has previously been attributed to mineral complexes and phosphorus precipitation on
membrane surfaces [39]. The presence of inorganic peaks, silica complexes, and humic
acid formation [36] were found at the membrane surfaces, which will be discussed in the
inorganic foulant section. Moreover, the peak at 864 cm™! (peak 7), which was related to
the stretching vibration of C-O-C from glycosidic bonds, was found in fouled membranes
and Zone C of the EPS.
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Table 3. Summary of FTIR spectra peak assigned for the samples.

Sample Wavelength (cm—1)
POME 3246, 1597, 1408, 1255, 1036, 610-870
Virgin membrane 3288, 2964, 1584, 1244, 1115, 832, 558
Fouled membrane 1638, 1400, 1231, 1040, 864
EPS 3285, 1638, 1400, 1231, 1040, 864
OO D
£
g
H
8
E
Z
H
g
=
4000 3500 3000 2500 2000 1500 1000 500
Zone Al Zone Zon:
j /—\ B LoV~
g g ]
3
Z
g
L | T
___ POME EPSPIL
— EPSPH __ EPSPII (b)
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 5. FTIR spectra of (a) virgin and fouled membranes and (b) POME and EPS in each period.

3.4. Inorganic Foulant

FESEM

FESEM images of the top surface (Figure 6a) and cross-section (Figure 6b) of the
formed cake layer in the ultrafiltration hollow fibers in AnMBR showed that the top
surface of the virgin membrane was smooth and uniform, which indicated good fouling
resistance of the membrane [25,40]. The elemental composition of the virgin membrane
according to EDX was primarily C, O, N, and S (Figure 6c). Differences in the elemental
composition of the virgin and fouled ultrafiltration membranes collected from period I
(Figure 6f), period 11 (Figure 6i), and period III (Figure 6l) were observed. The elements
Na, Mg, and Si were present in the fouled membranes. The increase in C and O in the
fouled membrane implied that the bio-foulant (EPS) covered and interacted with organic
compounds on the membrane surfaces [25]. In addition, inorganic scaling on the fouled
membranes showed an increasing signal at Mg and Si peaks caused by the increasing
OLR. The increased signal at inorganic peaks can be attributed to the evidence presented
in FTIR (Figure 5). In addition to bio-foulants, inorganic scaling also induced fouling
behavior in the long-term operation of this lab-scale AnMBR used for POME treatment
under high OLR. The thickness of the cake layer formed on the membrane surfaces, which
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Virgin

Period 11

Period
I

was calculated using the constant flux rate, differed according to the OLR. The thickness
of the cake layer was 1.067 £ 0.231 um (Figure 6e), 8.431 =+ 0.855 um (Figure 6h), and
8.366 * 0.599 um (Figure 6k), respectively, for the three periods. The cake layer seemed
to be caused by the accumulation of microorganisms and their products. Microorganism
products, especially the inorganic compounds, interacted with increasing biomass on PSf
membrane surfaces. With a MLSS of 40 g/L, the morphology signified the most compact
cake layer at the highest OLR in period III (Figure 6k). The foulant layer was comprised
of both organic and inorganic substances and a dense and compressed sludge deposition.
The morphology and thickness of the foulant layer on the membrane surfaces impacted
the filtration performance, as a sudden increase in TMP was observed at the end of each
period (Figure 3).

Top surface Cross section EDX analyzed
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Figure 6. FESEM of the virgin membrane (a): top surface, (b): cross section, (c): EDX element), fouled membrane in period
1 (d): top surface, (e): cross section, (f): EDX element), fouled membrane in period 1l (g): top surface, (h): cross section,
(i): EDX element), and fouled membrane in period I (j): top surface, (k): cross section, (1): EDX element).

Roughness of the Membrane

The surface probe micrograph (AFM) results indicated a typical morphology (hills and
valleys) for membranes (Figure 7). The top surface of the virgin membrane was smooth,
which minimized the possibility of solute molecules adhering on the membrane surface and
induced less fouling. The average roughness values of the virgin and fouled membranes
from period 1, II, and III were 44.77, 50.08, 60.58, and 75.80 nm, respectively. The increase

in roughness indicated the propensity of pore plugging or fouling of membrane surfaces.
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The surface of the fouled membranes after the cake layer was removed showed an increase
in roughness with the increase in OLR. The EPS components filled the membrane pores
as a result of the increase in OLR [41]. The EPS indicated the release of microorganism
products that adhered in the membrane pores even though the cake layer was removed.
Furthermore, the hydrophilic property of the membrane surface gave it a tendency to
interact and form chemical bonds with EPS [7,14]. The membranes with smoothed surfaces
were less prone to fouling; therefore, flux decline over time was not observed in this study.
Previous studies [7,21,26,41] also reported that the loosely bound EPS had a large effect on
the membrane pores for adsorption and deposition of organic and inorganic compounds.
In addition, the EPS formation around the biomass granule induced the surface roughness
increase, especially at a high loading rate [33,34].

Figure 7. AFM image of the (a) virgin membrane, (b) fouled membrane in period I, (c) fouled membrane in period II, and
(d) fouled membrane in period I11.

4. Discussion

This study focused on evaluating fouling mechanisms and characterizing the foulants
that occurred on a lab-scale AnMBR used to treat POME. We found that the predominant
foulant was protein-EPS, which attached on the membrane surfaces through cake layer
formation. The FTIR spectra of the cake layer on the fouled membranes showed peaks at
1638 cm=1! and 1400 cm—1. The layer had a compact structure and was high in thickness of
the protein portion. The increase of surface roughness reduced the membrane hydrophilic-
ity (O-H stretching). The membrane hydrophobicity caused adhesion of protein molecules,
adsorption at the membrane surface, and entrapment within membrane pores, respectively.
The pore blocking mechanism occurred because of biofouling accumulation. The accumu-
lation of microorganisms and cake layer increased but EPS products decreased due to the
lower HRT. On the other hand, polysaccharides easily detached from the membrane as
a result of their hydrophilic properties and the control of hydrodynamic conditions with
internal recirculation. In addition, on the membrane surfaces, the cake layer was firmly
attached, as was scaling by silica complexes combined with humic acid. The scaling on the
fouled membrane was confirmed by EDX and FTIR results. These fouling mechanisms and
the behavior of foulants can be considered as a progression (Figure 8). The correlation of
fouling phenomena with TMP rising occurred over a 90-day period and could be broken
into three stages as follows:

(1) Stage I: initial fouling. The TMF slightly decreased over a short period during days
1 to 20, then a rapid increase of TMP occurred. During the initial decrease of TMP,
the flux increased and approached the critical flux (2.8 L/m? /h). After that, the cake
layer materialized. The flux decreased and reached the local flux instead, causing the
TMP to increase from (.15 bar to 0.18 bar. The organic substances in the bulk feed
were the major foulants on membrane surfaces. During this stage, the effect of foulant
accumulation in the membrane pores (pore blocking) was minor.

(2) Stage II: intermediate adsorption fouling. From day 20 to 70, the TMP remained
constant at 0.20 bar. The cake layer was attached to the membrane surfaces, for
which EPS, especially proteins, was adsorbed on the surfaces. A fraction of EPS
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Stage 1

was accumulated in the membrane pores and was entrapped there by the charge
adsorption process.

Stage III: cake and pore blocking. Day 71 onwards, the TMP had risen to 0.25 bar. A
dense cake layer accumulated at the surface, and pore blocking occurred simultane-
ously. In addition, adjacent to the cake layer, the bound EPS released and attached to
the membrane.

Stage 2 Stage 3

@ Inorganic Precipitation (-P-5i-)
@ Biomass

@ Protein

@ Polysaccharide

Figure 8. Behavior of foulants in AnMBR for high-rate POME treatment.

Overall, this study presented insight into the effect of operational parameters on

fouling behavior in the lab-scale AnMBR during long-term operation. However, in order
to commercialize AnMBR for POME treatment in a full-scale operation, the reported
design and management results obtained need to be verified on larger-scale systems, and
pre-treatment to remove suspended solid may be needed to mitigate membrane fouling.

5. Conclusions

A high organic loading rate anaerobic membrane bioreactor was operated for 270 days

(considered a long operation period). Fouling mechanisms were investigated, providing
the following conclusion:

The growing cake layer, which resulted from high OLR and high MLSS, initiated
biofilm formation on the membrane surfaces. The biofilm, in turn, bridged across the
pores, resulting in increased TMP.

EPS accumulated on the cake layer and, thus, plugged the membrane pores. The foul-
ing from polysaccharide EP'S can be mitigated by control of hydrodynamic conditions
using internal recirculation. Due to the charge on the surfaces and the interaction
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between proteins and the membrane surface, the removal of protein EPS fouling was

more difficult.
®  The precipitation of inorganic compounds, silica, and phosphorus, also occurred in the

AnMBR system. These compounds were then attached to the cake layer and caused

membrane fouling.

Hence, in order for the lab-scale AnMBR to extend its operation time with high OLR,
the two following conditions must occur: MLSS must be lower than 40 g/L and the
internal recirculation must be higher than 1.25 L/d. High internal recirculation is needed
to create violent hydrodynamic turbulence and minimize fouling. Furthermore, to improve
the surface charge of the membrane (i.e., for fouling mitigation), future research should
focus on the modification of membrane surface properties to reduce the charge interaction
between foulants and membrane surfaces.
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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 m>/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 (NH;} — N) and phosphorus (PO3™) 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 (MgCl,), potassium
nitrate (KNO3), magnesium sulfate (MgSQOys), 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/m?/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 cm?. 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 Tablel [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.
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Table 1 The specification of CTA FO and TFC FO membrane shown in [33-38].

Membrane Advantage Disadvantage

TFC erejection values higher e salt rejection relies on the
epH stability surface charges and PA
ehigher selective water transport structure
(100% selective to water molecules)
ereduce internal concentration
polarization (ICP)
eminimum degradation

esatisfy the chemical stability
emechanical strength requires
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Table 1 (continued) The specification of CTA FO and TFC FO membrane shown in

[33-38].
Membrane Advantage Disadvantage
CTA ehigh water flux o get degraded when
ehigh water permeability exposed to an ammonium
|| ethe hydrophilic nature of CTA bicarbonate (DS)
ebetter pore wettability and transport | ® less water permeability
properties ¢ low salt rejection

“| epH range 3-7, 3 years of shelf life o lacked a thick support
emaximum chlorine resistance 2 ppm layer

ethin skin layer for salt separation ® poor resistance to
(10-20 um) biological species, and
ethicker porous scaffold layer (about limited chemical stability

100 pm thick)

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/m?/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 37.5243.10, 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 (Ca?"), magnesium (Mg?"), potassium (K*) and
phosphate (PO4*") were digested HNOs3 (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 Egs. (1) and (2). Salt rejection and salt permeability
were measured by utilizing NaCl as the feed solution, and were calculaed by Egs. (3)
and (4). In addition, these tests were performed each experiment by also carried out
after each experiment for recheck the membrane performance.

e (1)
A=2 2)
R=(1-§—f;)x1oo 3)
% - A(AE.AT;) )

Where Am, is the effective FO membrane surface area (50 cm?), AV (L) is the
permeate volume change from the feed solution to the draw solution over a determined
testing time At (h). Aand J, are water permeability and water flux (in Lm™h"'bar!
referred to LMH.bar!). The solute rejection is calculated follow Egs. (3) where
Cp (mg/L) and Cr (mg/L) are salt concentration of the permeate solution and feed
solution, respectively. R is a salt rejection (%), AP and A are the applied different
pressure and osmotic pressure of the feed respectively. Osmotic pressure, 7, 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 75°, respectively. The specification of TFC flat sheet aquaporin
was NaCl reverse flux was less than 2 gm~h™! and the active layer made from polyamide
as flat sheet aquaporin. The water permeability coefficient of CTA flat sheet (HTI) was
2.1x107'2 ms'Pa’! 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 loading] 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/m?/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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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 PO},
calcium (Ca®"), magnesium (Mg?"), 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



72

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]
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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>" 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

Feed solution TFC FO membrane CTA FO membrane

Parameter Load 1 Load 2 Load 3 Load 1 Load 2 Load 3 Load 1 Load 2 Load 3
COD (g/L) 37.5243.10 48.21+4.96 55.06+4.15 25.2545.10 38.21£10.25 48.56+8.59 9.2442.05 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 2248 2591
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 18.03 135 104 10.6 11.0 98 98
TDS (mg/L) 11,493£23.5 | 16,218+78.9 | 16,235+58.6 23.24+2.12 41.02+44.15 76.66+7.52 24.1045.2 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 25.2545.10 38.21£10.25 48.56+8.59 9.24+2.05 11.70+5.89 26.49+2.15
PO+ " (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+*> =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*" 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*, Ca**, Mg?*, K* and PO4>" with various studies related to Forward Osmosis

Final nutrient

Inc. California, USA)

tank at Aalborg West
WWTP/NaCl

Study Membrane Feed/Draw solution (Ilj;:[l;fl) (Na, Ca;’eﬁ;;flé{ﬁ;g;?{\}m and
COD; %)
5.19 56, 100, 73, 57, 99,65 and 20
CTA (HTI) 4.89 81,73, 69, 75, 100,100 and 20
Current study T-POME 5.62 87, 100, 89, 65, 88, 91 and 39
/NaCl 6.33 66, 100, 70, 62, 100, 60 and 53
TFC(Aquaporin) 6.31 74,70, 72, 76, 45, 100 and 62
5.08 76,99, 86, 74, 100, 78 and 73
[28] TFC-PA (HTI), Digested manure centrate/ NaCl 17.5 40% NH4-N
TFC(Aquaporin)
[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 Synthetic wastewater/NaCl TFC=15 >90% NHa4, 60-80% TN
TFC(Aquaporin) CTA=5 and >90% PO4*
[46] TFC(Aquaporin) Cow digestate liquid 4.4,8.5 and 8.5 >95.5%NH4"-N
fraction from a biogas plant /NaCl
[47] TFC (Toray Central Park WWTP / NaCl 19.92 COD, TP, NH4*-N, TN, of >97%, >98%, 70-73%
Industry Inc) and 73-76%, respectively
[57] CTA (HTI) Sewage from the aeration grit - COD, NH4*-N, TN, TP of 18, 2.5, 2.8, 0.4 mg/L,
chamber of a respectively
municipal WWTP /NaCl
[58] TFC (Porifera Activated sludge from the aeration 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 (50um) in Figure 4b, S and 6 exposes a thin layer 1- to 2-
um. 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
FigureS-8 at the same time affected to the resistance water was increased then caused
to fouling [39]. The positive charge of potassium ionin 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] FigureS-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 (FigureS 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, CI, 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 Cax", 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
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Figure 5 SEM micrographs of the top-surface and cross-section modes for TFC virgin
membrane and the element component by EDX of membrane

Top surface Cross-section
TFC (Fouled) 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
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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 PO+* 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 Ca>"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)

Palm Oil Mill Effluent
Two-stage sSAnMBR Forward osmosis P
ol .,
. . — [Fouling ™
.—— [Fouling [Fouling .
— [l;':‘t'ehcx:ia’ Mechanism] | [ detect] Mechanism] — The efficiency of
[Biomass [Oxygen] [Osmotic [Water flux/ { nutrient removal/
Cone.] [ ]'Il] » pressure] Permeability] | recovery by J
) l) . ! 7
Overation | Operation | i two-stage sAnMBR /
[;“hihi]t pa?'ameters [Membrane [Sal;l l'evl'erse parameters [Membrane and forward osmosis
actor] ; i x| i
properties] properties]
I | | ~ —
[EET] [Lua(liing] [Draw solution [Feed Slllllltll)]]] —
[Sludge = (Cone.)] | [Draw solution —!
f'mi(:roorg:mism]_[CH‘I production] (Type)]

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