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ABSTRACT

In palm oil extraction process, a large amount of lipids are emulsified in waste
stream and the hot, brownish palm oil mill effluent (POME) is generated. In this
study, the membrane technology was proposed to test the feasibility of direct ul-
trafiltration (UF) of POME by using a-Al,O3 and PVDF membranes, and to figure
out the recovery rates of water and oi. POME synthesis methodology was success-
fully generated in the lab with the oil droplet size distribution and oil concentra-
tion conforming to the characteristics of real POME. The optimal operating condi-
tions for POME filtration was determined by executing ultrafiltration experiments
at different permeate fluxes and pHs. Both membrane shown good performance
at original POME pH (pH 5). Compared with PVDF membrane, Al,O3 shown
great strengths in higher optimal flux (57LMH), lower required trans-membrane
pressure (TMP), higher oil and water recovery. The formation of oil layer on Al,O3
membrane reversed the charge type of membrane surface, which transformed oil
droplet-membrane attraction to oil droplet-oil layer repulsion that allowed for the
higher rejection and steady filtration process. The effect of SDS surfactant was also
studied to clarify whether it could significantly improve membrane performance.
The addition of SDS brought in extra pollutant with the SDS micelle size smaller
than membrane pores, which reduced permeate quality and increased fouling in
UF process. In the aspect of process stability, SDS benefited a-Al,O3 membrane
performance more than PVDF membrane. The bi-layers SDS formed on a-Al,O3
membrane resulted in charge inversion and increased hydrophilicity of membrane
surface that respectively enhanced anti-fouling property and membrane permeabil-
ity. In the long run, SDS addition stabilized TMP variation process and prevented
the sharp TMP increase. However, to guarantee the permeate quality of membrane
technology, SDS was not recommended to be added. To operate POME process with
more stable TMP and less fouling, a-Al,O3 membrane was highly recommended for
POME treatment with great potential of industrial application in the future.

The discussion of pH effect on membrane performance reveals other important
affecting factors other than pH. Severe fouling of PVDF membrane happened below
IEPpypr (pH 2). The increased hydrophobicity caused by oil layer formation could
explain the lower membrane permeability and the adsorption of more hydrolyzed
LCFA in acidic condition led to larger proportion of irreversible fouling. While
the less excellent a-Al,Os membrane performance at pH 10 was mainly due to
the adsorption of more LCFA and glycerol onto membrane, despite the membrane-
molecules/oil droplets repulsion existed in ultrafiltration. Although the general
filtration mechanisms involves in almost all cases, the most important interactions
that mainly function vary with different membrane and feed type.
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INTRODUCTION

In current industry filed, oily wastewater is a significant concern, generated from
various industries such as food, petrochemical, metallurgical, pharmaceutical, and
oil gas, widely occurring in extraction, refining, transportation and storage pro-
cesses of these industries [Yu et al., 2017; Ahmad and Ghufran, 2019]. Normally,
oil presents in wastewater in three forms with different droplet sizes, free oil((>
150pm), emulsified oil (<20pm) and dissolved oil containing water soluble compo-
nents [Ahmad et al., 2020]. Despite the threat on water body, soil and air qual-
ity posed by oily contaminants, the wastewater with small oil droplets (<2opum)
is rather puzzling because many traditional physio-chemical methods are facing
many challenges [Padaki et al., 2015, Ahmad et al., 2020]. To efficiently treat oily
wastewater and reduce its environmental impacts, the membrane technology was
comprehensively researched and subsequently applied in real industries for pro-
duced water treatment, with the strengths of high rejection rate and simple opera-
tion [Ahmad et al., 2020].

Palm oil mill effluent (POME) is a typical agricultural oily wastewater produced
in the production process of Crude palm oil (CPO). In addition to the small size
of emulsified oil that is hard to be treated, the huge quantity and high oil concen-
tration (typically 4g/L) made POME as a concern in local places [Rupani et al.,
2010; Ahmad and Ghufran, 2019]. Taking Malaysia as a representative palm oil
producer, 32.25% global market share of palm oil brings about the generation of a
huge quantity of POME (e.g. 178.9 million tons POME produced in 2017)[Oilseeds,
2019; Norhidayu et al., 2017; Ahmad and Ghufran, 2019]. The discharge of POME
that is not well treated causes many environmental issues. Apart from the physical
states (color and turbidity) that may significantly affect human sense, the high BOD
of oily wastewater leads to oxygen depletion in the nearby water body thus many
water based lives are not able to survive anymore. When making the choice of
wastewater treatment methodology, the oil and other organic matter like long chain
fatty acid (LCFA) are expected to be recovered to produce technical grade oil (TGO)
or to be sent back to the palm oil production line. Thus the efficient methodology,
membrane filtration was proposed to treat POME with the potentials of oil recovery
from concentrate side.

In this study, both polymeric (Polyvinylidene fluoride (PVDF)) and ceramic mem-
brane (Al,O3) will be tested at different parameter settings to determine their op-
timal operational conditions, discuss the feasibility of membrane filtration method-
ology for treating high-lipid wastewater, and to compare filtration performance
and application potential of both membranes. As ceramic membrane can tolerate
wider range of temperature with higher upper limit than PVDF membrane, ceramic
membrane is expected to work at go°C in filtration practice and other methods like
hyper/thermophilic anaerobic membrane bioreactor. Thus this study can be a pre-
liminary test before high-temperature research and application.

Besides, the surfactant will also be added in POME to clarify its function in oil
separation. In many industrial processes, oily wastewater is produced originally
with surfactants in it as one of the pollutants. However, in the palm oil extraction
line, POME is generated without any addition of chemicals, thus whether the ex-
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pected effect of surfactant manually added in POME on membrane performance
modification can compensate the potential problems it brings about, needs to be
discussed comprehensively. Besides, despite the general mechanisms of membrane
filtration like electrostatic interaction and pore sieving, this study also discussed the
effect of surfactant addition on the variation of membrane filtration mechanism.



2 LITERATURE

2.1 PALM OIL MILL EFFLUENT (POME)

2.1.1 Introduction of Palm Oil Processing

In palm oil mill, fresh fruit bunches (FFB) go through four main procedures to pro-
duce palm oil. During palm processing, three wastes streams are generated namely
solid wastes, liquid and gaseous emissions. Rupani et al. [2010] reported the proce-
dures of palm oil and POME production process in detail as follows. Sterilization
of FFB at 140°C is the first stage in crude palm oil extraction, which aims to prevent
oil hydrolysis and to loosen the palm fruits from bunches. Followed by stripping
(or threshing), palm fruit is separated from bunch and become available for diges-
tion. In digester, the fruit is mashed to break the mesocarp oil-bearing cells and
then the homogeneous palm oil mash flows out. Afterwards, in palm oil extraction
stage, solid and water are removed by a hydrocyclone and decanters, preliminary
oil purification is done by the centrifuge and vacuum drier to produce crude palm
oil , and the oil slurry is further separated and purified by a clarification system.

In the mill, the steam condensate generated in sterilization is the major portion
of POME. In addition, the decanter wastewater produced in extraction stage as well
as water used for washing and cleaning also plays a role. Empty fruit bunches
(EFB) produced in stripping and decanter cake in extraction stage are two sources
of solid waste. Besides, leaves, trunk, seed shells and fibre from the mesocarp are
also within the scope of solid waste. Gaseous waste composes of steam produced
from the oil extraction process in the mill.

2.1.2 Characteristics of POME

POME is a kind of hot (80-90°C), acidic, oily, brownish colloidal suspension rich
in degradable organic matter. If not well treated and discharged into the environ-
ment, POME will become an important pollution source that causes depletion of
oxygen in receiving water body and kills living creatures as depicted in oxygen
sag curve [Mellyanawaty et al., 2018]. In POME, there is a large amount of short
fibres, inorganic nutrients (Na, K, Ca, Mg, Zn, Fe, Co, Cd and Co), amino acids,
free organic acid, carbohydrates and nitrogenous substances [Ahmed et al., 2015].
The characteristics of POME is highly dependent on process design, operations and
quality control in the palm oil mill, thus POME composition varies in different fac-
tories and seasons [Yoochatchaval et al., 2011]. In this project, the POME produced
from factories in Malaysia is specifically focused on. Table A.2 in Appendix A lists
the typical characteristics of raw POME, which can be referred to make a better
choice of POME treatment technology. To evaluate water treatment efficiency and
regulate water reuse, Malaysian Department of Environment (DOE) published the
discharge limit (Table A.4 in Appendix A) and WHO provided the guidelines for
wastewater reuse (Table A.5 in Appendix A). To produce one tonne crude palm oil,
5-7.5 tonnes water is used, and averagely 3 tons of water ends up as POME [Ahmad
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et al.,, 2003; Chin et al., 2013; Nnaji et al., 2016; Kamyab et al., 2018]. Considering
the increasing trend of palm oil production every year, the huge quantity of POME
attracts more attention. It was estimated that 87.8 million tonnes of POME were
generated in Malaysia in 2009 and in 2017 the quantity rose to 178.9 million tonnes
[Rupani et al., 2010; Ahmad and Ghufran, 2019]. On the other hand, there is a great
potential of resource recovery owing to high content of oil in POME (4-15.9 g/L)
and the considerable POME quantity every year [Yoochatchaval et al., 2011; Chin
et al., 2013].

Apart from the composition and quantity mentioned above, other physio-chemical
properties of POME are also essential for the selection of treatment technology.
Zhong et al. [2013] reported that the general oil droplets size of oily wastewater
in agriculture was in the range of 0.8 - 1.3 ym, which belonged to the category of
emulsified oil (size <2oum) in oily wastewater. The particle size dietribution (PSD)
and composition of oily water vary with time due to lipid hydrolysis. GRIT et al.
[1993] took phosphatidylcholine (PHEPC, a kind of partially hydrogenated lipid in
egg) as an example of lipid to study the factors affecting emulsion stability in the
aspect of lipid hydrolysis extent. The results revealed the significant effect of pH,
higher hydrolysis constant K, (s~') measured at very basic and acid conditions
and the maximum stability occurring at pH 6.5 with lowest K,;;, which was shown
in Figure A.3 in Appendix A. Another important factor was reported to be tem-
perature as the relation between temperature and hydrolysis constant described by
Arrhenius equation [GRIT et al., 1993]. Besides, both Zhang and Pawelchak [2000]
and GRIT et al. [1993] reported the very slight effect of ionic strength on lipid hy-
drolysis, thus the effect of conductivity caused by pH adjustment in research and
application doesn’t need taking into consideration. Lek et al. [2018] and Zahrim
et al. [2014] tested zeta potential of untreated raw POME produced from 2 palm
oil mills located two Malaysian cities and got the results of -15.4 and -18mV, re-
spectively. The difference of zeta potential between hot, fresh POME and POME in
cooling pond didn’t show much difference (<1mV), indicating the ignorable effect
of temperature on the charge of oil droplets in POME. Besides, the real POME was
characterized in the aspect of pH effect on zeta potential and oil droplet size in the
range of pH 3 - 11, shown in Figure A.4 in Appendix A [Azmi and Omar]. Zeta
potential was negative in the whole range, indicating that oil droplets in POME
were always negatively charged. Oil droplet kept stable size in pH range of 3 - 10
and became larger only on at pH 11.

Like all fats, palm oil is composed of fatty acids, esterified with glycerol [Laietal.,
2015]. The fatty acids in POME comprise a variety of saturated, monounsaturated
and polyunsaturated long chain fatty acid (LCFA) from C8 to C20, and C16 and C18
are the quantitatively top two types, which is shown in Table A.2 in Appendix A
[Habib et al., 1997; Islam et al., 2018]. In oily water, the hydrolyzed LCFAs can be
regarded as the natural surfactants, which make oil droplets surrounded by the sur-
factant film [Chakrabarty et al., 2008]. Table A.2 in appendix 1 list some of chemical
and physical characteristics of the fatty acids in POME. pKa is the acid dissociation
constant representing the strength of acid, and the larger pKa value corresponds to
the weaker acid type and lower dissociation degree, which determines percentage
of different existence forms (ion or molecule) of certain LCFA in POME.

2.2 MEMBRANE FILTRATION OF OIL EMULSION

Polymeric membranes have been intensively appied for wastewater treatment.PVDF
membrane is the representative with the strengths of thermal and mechanical sta-
bility, microbiological resistance and higher cost-effectiveness over other polymer
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materials [Asatekin et al., 2007; Hashim et al., 2009; Huang et al., 2015]. However,
when treating wastwater with solutes of natural organic matter, hydrophobic PVDF
membrane is susceptible to fouling due to solute adsorption on membrane and
blockage of membrane pores with elongated time. Besides, due to high temper-
ature of POME (80-90°C), polymeric membranes were not able to directly filtrate
fresh and hot POME. In these studies ( [Hsieh, 1996; Monash and Pugazhenthi,
2011; Zhong et al., 2013]), hydrophilic ceramic membranes were applied to treat
oily wastewater treatment with high oil rejection. Great advantages of anti-fouling
property, chemical and thermal stability in comparison with organic polymer mem-
brane were reported [Hua et al., 2007; Abadi et al., 2011; Madaeni et al., 2012]. The
most commonly used ceramic membranes are made from oxides such as alumina,
zirconia, titania, silica and the combination of different materials that provide high
permeate flux [Abadi et al., 2011; Goh and Ismail, 2018].

2.2.1  General Mechanisms of Ultrafiltration

When treating organic solutes, the rejection of solutes in UF treatment mainly at-
tributes to steric hindrance, electrostatic interaction, hydrophobic and hydrophilic
interactions [Verliefde et al., 2008]. This subsection will introduce these three fil-
tration mechanisms. In ultrafiltration (UF) process, membrane permeability is de-
termined by a mumbler of factors including pore size, thickness of the separating
layer and the porosity of membrane. Thus to explain the mechanisms separately,
sometimes it is necessary to mention the premise in advance.

Steric hindrance is strongly correlated with membrane pore size. For the same
membrane with the same thickness and porosity, a smaller pore size allows for
better separation ability with higher rejection rate due to stronger steric hindrance,
however, it reduces permeability and accelerates fouling formation on the mem-
brane. As Mehta and Zydney [2005] reported, all the membranes studied exhibit
a similar trade-off between separation factor and permeability, that is, membranes
with high separation factors will have relatively low permeability while those with
high permeability have low separation factors, which is one of the limitations of
current membrane technology.

Electrostatic interaction between membrane and solutes plays an important role
in oil rejection and membrane anti-fouling property. The interaction, repulsion or at-
traction, relies on the charge of membrane and solutes. If both are negatively or posi-
tively charged, electrostatic repulsion will hinder solutes getting close to membrane
surface thus decrease solute concentration near the surface of membrane surface.
While the oppositely charged membrane and solutes enable electrostatic attraction
between, increasing solute concentration near membrane surface. The selective re-
tention of some constituents via influent transport that leads to the accumulation of
some solutes on or near the membrane surface is denoted as concentration polarisa-
tion [Verliefde et al., 2008]. In the cases where electrostatic repulsion exists between
membrane surface and solutes (or particles), high rejection rate is expected.

The hydrophilicity /hydrophobicity of the materials affects how easily the two
types of materials bond together. The combination of water and hydrophilic ma-
terials is called hydrophilic interaction. Since the water targeted by the perme-
ate is easier to bind to the hydrophilic membrane material and pass through the
pores, the hydrophilic membrane has greater permeability and better anti-fouling
performance. In references [Ochoa et al., 2003], commercial PVDF membranes was
modified by depositing more hydrophilic substances on membrane surface. When
deposition didn’t significantly cause pore size reduction, both the permeability and
anti-fouling property were improved due to the enhancement of membrane hy-
drophilicity. Zou et al. [2011] made similar changes. Although the permeability
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reduction due to the side effect of plasma polymerization (a membrane modifica-
tion methodology) was observed, the anti-fouling performance was still improved,
owing to the increased hydrophilicity of the membrane.

The hydrophobic interaction between hydrophobic membrane and solute (or par-
ticle) contributes to their binding. The release of water molecules from two hy-
drophobic materials is the main driving force that enables to gain entropy due to
their larger degree of freedom [Haynes and Norde, 1994]. However, the hydropho-
bic interaction is limited by the distance of two hydrophobic materials, which some-
times correlates to the type of electrostatic interaction between [Verliefde et al., 2008].
When the electrostatic interaction between the hydrophobic membrane and the hy-
drophobic solute is repulsive, the solutes (or particles) will not engage in hydropho-
bic interaction since they can’t approach membrane surface.

2.2.2 Mechanism of Oil Emulsion Filtration: The Transformation of Surface In-
teractions

He et al. [2017] reported the variation of surface interaction caused by oil layer
formation on the microfiltration membrane. At initial filtration stage, foulant depo-
sition is controlled by membrane-oil droplet interaction. During filtration, driven
by pressure provided in the setup, oil droplets are brought to get closer to the
membrane surface, which may cause oil deposition. With sufficient oil droplet de-
position and coalescence along time, an oil layer can form on the membrane surface.
In this way, initial membrane-oil droplet surface interaction transform to oil layer-
oil droplet surface interaction, which are often repulsive so that membrane fouling
can be mitigated. In addition, He et al. [2016] pointed out that fouling propen-
sity was directly related to foulant zeta potential that indirectly affect electrostatic
interaction.

The transformation of surface interaction was also reported in the study of nanofil-
tration of colloidal materials and dissolved natural organic matter [Li and Elim-
elech, 2006], thus this theory can be possibly applied in ultrafiltration process as
well. Furthermore, Tummons et al. [2016] reported a dynamic filtration process
where droplet coalescence and crossflow shear controlled membrane fouling. To
be specific, the transportation of oil towards membrane driven by permeate flow
is balanced by the shear-induced removal of the droplets that coalesce to exceed a
critical size.

2.2.3 The Effect of pH and CFV

In addition to the characteristics of membrane and solutes (or particles), the op-
erating parameters - pH and cross-flow velocity (CFV) also significantly affect the
rejection rate of pollutants and the anti-fouling performance of membrane. Under
different parameter settings, not only is the fouling formation process retarded or
accelerated, but the fouling/filtration mechanisms can be transformed.

Isoelectric point (IEP) is a basic parameter of a membrane, which is used to de-
termine the type of charge on membrane surface at a specific pH. Membrane is
negatively charged when pH of feed solution is above IEP and positively charged
below IEP. Combined with the charge of solute (or particle), the electrostatic interac-
tion between membrane and solutes (or particles) can be clarified, which is closely
related to the retention of pollutants in the filtration process.



2.2 MEMBRANE FILTRATION OF OIL EMULSION |

Chakrabarty et al. [2008] synthesized a series of polysulfone (PSf) membranes
by dosing different additives and executed constant-pressure ultrafiltration exper-
iments treating oil-in-water emulsion at pH 5, 6 and 8. The effect of pH on per-
meate flux was complex as the trend of flux variation was different with different
membranes, and surely there’s no rule to follow or conclude. For oily water ultra-
filtration, apart from membrane-particle interaction and oil particle adsorption that
significantly affect membrane performance, with the variation of pH, the natural
surfactant, LCFA hydrolyzed from oil, possibly played a role. The natural surfac-
tants may either reduce or increase permeate flux due to their absorptive interac-
tions with membrane surface driven by electrostatic forces or hydrophobic effects
[Byhlin and Joénsson, 2003]. For the membranes with different composition, when
tested at different pH, the interaction between membrane surface and oil droplets
with surrounding surfactant varied, which resulted in different flux variation trends
with the variation of pH. Therefore, to investigate ultrafiltration performance of a
certain membrane treating specific wastewater, it is necessary to discuss the effect
of pH.

In ultrafiltration process, oil was rejected by membrane and accumulated near
membrane, which generated concentration gradient that led to flux decline. Lobo
et al. [2006] also reported that, in constant-pressure membrane filtration, the in-
crease of CFV significantly improved flux when TMP was above a certain TMP
value. The reason is, higher CFV could provide stronger turbulence to mitigate
concentration polarization [Wu and Lee, 1999; Nabi et al., 2000]. Besides, compared
with large-pore membrane (300kDa), the effect of CFV on flux of small-pore mem-
brane (50 kDa) was more obvious, and so was the effect of CFV on oil rejection,
which was possibly because of the dominance of steric hindrance and negligible
charge effects for large-pore membrane [Causserand et al., 2004; Opong and Zyd-

ney, 1991].

2.2.4 Membrane Fouling Mechanism

In ultrafiltration, membrane fouling is directly attributed to pore blocking and cake
layer formation caused by foulant deposition and its adsorption on membrane and
pores. It was reported that the primary resistance to permeate flow was provided
by the fouling layer formed on the membrane along with the membrane itself
[Chakrabarty et al., 2008]. In this process, membrane-foulant and foulant-foulant
interactions control fouling condition [Lee et al., 2017]. Thus, to discuss fouling
mechanisms, it is necessary to identify the characteristics of both feed membrane
and foulant (pollutants) in feed solution.

For feed solution, the size of solute (particle) was not found to significantly affect
fouling phenomena, but the charge of it would have decisive effect on membrane-
foulant electrostatic interaction (repulsion or attraction), thus the extent of foulant
deposition and adsorption could be predicted [Bessiere et al., 2009; Lee et al., 2017].
Furthermore, the foulant-foulant interaction of various composition in feed solution
could either enhance or reduce fouling formation. For instance, the addition of ions
in protein solution may decreased foulant deposition by charge shielding effect on
protein mixture; mixing of individual pollutants in one solution reduced fouling
character of individual compounds [Lee et al., 2017; De Angelis and de Cortalezzi,
2013]; while in another paper [Bessiere et al., 2009], mixing of solutes significantly
worsen membrane performance due to synergistic effect.

When taking oil hydrolysis into consideration, the hydrolyzed long chain fatty
acids (LCFA) contribute to membrane fouling via their adsorption on membrane
pore walls. Determined by pKa and the type of C-C bond respectively, the dissocia-
tion level and the shape of different LCFA are the two main factors affecting fouling
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condition. Weaker acid (larger pKa) has lower ion-to-molecule ratio and are more
prone to cause severer fouling owing to molecule adsorption, particularly in acidic
solutions with lower acid dissociation level [Brinck et al., 2000; Amin et al., 2010;
Amin and Mohammad, 2018]. In the aspect of C-C bond effect, oleic acid (18:1n9)
and stearic acid (18:0) were compared, the “V” shape of oleic acid caused by the
cis-double-bond functional group makes it easier to enter the membrane pores thus
causing more severe membrane fouling [Amin et al., 2010]. Besides, LCFA are
also regarded as natural surfactants which potentially improve the stability of oil
emulsion. The surfactant concentration in oil-in-water emulsion affected its stability
and membrane surface by varying quantity of surfactant molecules absorbed on oil
droplets and membrane, respectively, which will be demonstrated in detail in the
following Section 2.3 [Nabi et al., 2000; de Vos and Lindhoud, 2019].

For membrane, isoelectric point (IEP) and its hydrophilicity are the two main fac-
tors affecting fouling condition. The former correlates with the type and quantity
of charges at different pH. When pH is around IEP value, membrane is neutral;
below IEP, membrane is positively charged and the charge will be reversed when
pH shifts below IEP value (Figure 2.1) [Nabi et al., 2000]. pH variation significantly
affects fouling formation by transforming the type of electrostatic interaction (repul-
sion or attraction) between membrane and foulant, as well as increasing or reducing
charges on membrane as Figure 2.1 shows. An example is provided by Lee et al.
[2017], for the PES-UF membranes and protein that are negatively charged, pore
blocking at the initial stage and cake layer formation at the later stage at pH 4.7
near IEP (2.9) was alleviated at pH 7.0 and 10.4 due to the increased electrostatic
repulsion. Hydrophilic membrane membrane tends to have less fouling propensity,
higher flux but lower fatty acid rejection compared with hydrophobic membrane
[Amin et al., 2010].

40 -
I MWCNTs membrane

PES-UF membrane

Zeta potential (nV)
o

-20

40 |

4.7 7.0 10.4
pH
Figure 2.1: Zeta potential of multiwall carbon nanotube (MWCNT) composite membrane
and commercial polyethersulfone ultrafiltration (PES-UF) membrane at different

pHs (4.7, 7.0 and 10.4). IEPpwenT = 9-2; IEPpEs_yF = 2.9) [Lee et al., 2017].

2.3 THE EFFECT OF SURFACTANT

To improve membrane filtration performance, especially in irreversible fouling as-
pects, anionic or cationic surfactants are dosed in feed oily water. Surfactant can
decrease oil-water interfacial tension and modifying membrane surface property by
surfactant absorption via electrostatic interaction between membrane and surfac-
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tant, in which pH value plays an important role. Surfactant concentration is also an
important parameter that affects membrane performance because it determines the
stability of oil emulsion and the alignment of surfactant.

2.3.1 Introduction of Surfactant

Surfactant refers to a substance composed of a polar hydrophilic group and a non-
polar hydrophobic group that can significantly change the interface state of the so-
lution system by adding a small amount. The fixed hydrophilic head and lipophilic
tail are able to arrange the surfactant ions on the surface of the solution or of solid
material. For oil recovery, surfactant/biosurfactant pretreatment of feed solution is
essential for enhancing the recovery process. Considering the potential toxicity of
chemical surfactant towards environment and the inhibition of biological activity,
biosurfactant is the better choice with great strengths in environmental and oper-
ational aspects such as high biodegradability, low toxicity, bio-compatibility and
digestibility. According to the application of different biosurfactants provided by
Usman et al. [2016], lipopeptide was found to be the best choice. However, in prac-
tice, owing to the high cost of biosurfactants (Surfactin, CAS Number 24730-31-2
(somg) = EUR 1,090), surfactants like sodium dodecyl sulfate (SDS) are preferably
and commonly used to solubilize hydrocarbon matter in oily wastewater.

Despite the least toxicity of SDS among the most widely used chemical surfac-
tants, the inhibition of biodegradation by SDS is still worth attention. SDS is not
only preferentially utilized by hydrocarbon degraders but has destructive effect on
cell membrane and enzyme even for the microbes that rely on SDS as the sole car-
bon source [Shcherbakova et al., 1999; Cserhéti et al., 2002]. SDS concentration is an
important parameter determining both the filtration performance and biodegrada-
tion of mixed solution [Margesin and Schinner, 1999; Yu et al., 2007]. Shcherbakova
et al. [1999] discussed the toxic effect of surfactants on methanogenesis and reported
the inhibition concentrations of SDS, which were 228, 573 and 925mg/L producing
20, 50, and 80% inhibition, respectively.

2.3.2 The Effect of Surfactant on POME

T

o
000000009999 T[] Gﬁ?

Surfactant content = 0,2% Surfactant content < 0,2%

Figure 2.2: Schematic representations of the droplet deposits on hydrophobic inorganic zirco-
nium oxide membrane (The symbol % is weight percentage w/w% of surfactant
in oil emulsion) [Nabi et al., 2000].

Figure 2.2 (0il droplet in the left side) demonstrates the way of surfactant align-
ment on oil droplet. Lipophilic tail of a surfactant adsorbs on the surface of oil
droplet via hydrophobic interaction, and the charged hydrophilic head orientates
towards bulk solution via hydrophilic interaction. Moreover, the association of sur-
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factant and oil increases the effective size of droplets, as well as more negative
charge induced by hydrophilic head enhances the electrostatic repulsion between
membrane and solutes [Kumar et al., 2008].

The concentration of surfactant has significant effect on oil emulsion stability and
there’s a threshold concentration for certain emulsion type. Below the threshold,
the surfactant present in the solution is too little to completely surround oil droplet
and to form a surfactant film (Figure 2.2, oil droplet on the right side), thus oil
droplets are still able to aggregate together. The deposit phenomenon makes oil
emulsion inhomogeneous and unstable.

2.3.3 The Effect of Surfactant on Membrane

The anionic surfactant-membrane interactions differentiate due to different electro-
static interactions and hydrophilic/hydrophobic interactions.

Figure 2.2 explains the positive effect of surfactant on membrane performance
by ensuring system stability. For a neutral (or slightly negatively charged) ceramic
membrane that is hydrophobic, sufficient SDS adsorption on membrane surface
via surfactant tail-membrane hydrophobic interaction in the left picture forms a
layer of surfactant, which transforms membrane surface to hydrophilic condition
and prevents oil droplet depositing on membrane. While in the right picture, the
emulsion is not well stabilized thus not able to avoid oil adhering on membrane
due to adsorption phenomenon, coalesce, and impregnate the membrane .

SR

Figure 2.3: Charge inversion by Surfactant adsorption [de Vos and Lindhoud, 2019]

When the membrane surface and surfactant have adverse charges as shown in Fig-
ure 2.3, the adsorption of surfactants to the hydrophobic membrane surface leads
to charge inversion. The amphiphilic nature of charged surfactant makes it ar-
ranged in two ways. One is its adsorption onto interface (Figure 2.3, left side) with
surfactant tail also adsorbed on membrane via hydrophobic interaction, and head
electrostatically attracted by membrane surface; the other happens when surfactant
concentration above the critical micelle concentration (CMC), that is, surfactants self-
assemble into micellar aggregates such as hemi-micelles or even surfactant bi-layers
(Figure 2.3, right side).

Lyklema [1994] described the process of bi-layers formation in two steps. In the
first step, the head of surfactant is adsorbed on oppositely charged membrane via
electrostatic attraction and the extent of adsorption is determined by charge density
of the interface. Then in the second step, with surfactants aggregating around the
primary adsorbed species, the tail-tail hydrophobic interaction enables the second
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surfactant layer neatly arranged. In this way the surfactant bi-layers are formed on
membrane, reversing surface charge of membrane.

Alpha-dialumina trioxide (a-Al,O3) is a commonly used ceramic membrane for
oily water filtration due to its higher pHpzc (7.4-8.6) than titania (5.2-6.3) and
zirconia(5.5-6.6), allowing slower decline of anionic surfactant adsorption capacity
with increasing pH below alumina pHpzc [Medina et al., 2020]. Besides, Med-
ina et al. [2020] reported the adsorption kinetics of surfactants onto metal oxides
and supported alumina over other metal oxides with less fouling potential of SDBS
(sodium dodecyl benzene sulphonate) because of its smallest k/k~! (adsorption
rate/desorption rate) ratio compared with titania and zirconia, which represents a
less organized adsorption of SDBS on alumina membrane.

2.3.4 Joint Effect of SDS in Dlfferent POME Ultrafiltration Cases

To discuss the effect of surfactant on membrane performance, the focus and ma-
jor surface interaction vary with different membranes. For hydrophilic polyamide
membrane, Lin and Rutledge [2018] paid more attention to the hydrophilicity /hy-
drophobicity interaction due to the adsorption of surfactant on interface. More oleo-
phobic membrane surface makes oil droplets hardly stay upon membrane surface
and increases the likelihood of removal by shear force provided by cross flow. For
hydrophobic ceramic membrane, Matos et al. [2016] focused more on electrostatic
interaction between membrane and surfactant (oil droplets). Electrostatic repulsion
prohibits the adsorption of surfactant (and charged oil droplets) on the membrane
and its leakage across membrane pores, thus concentration polarization and cake
layer formation can be reduced and permeate flux increased. Both papers gave
the recommendation of more hydrophilic membrane and its charge similar to the
predominant surfactant to enhance electrostatic repulsion.

However, a strong adsorption onto the membrane is normally associated with a
strong passage of surfactant through membrane pores thus a higher permeate COD
is obtained[Tounissou et al., 1996]. The surfactant addition increases ionic strength
in feed solution, which exacerbates coagulation and compaction of cake layer and
consequently reduces permeate flux at constant-pressure ultrafiltration [Matos et al.,
2016]. When concentration of surfactant increases in filtration process, surfactant
monomers tend to aggregate and micelles are generated near membrane surface,
forming a polarization layer. The charge repulsion between negatively charged
SDS micelles in the polarization layer enables presieving effect of SDS monomers
thus higher retention could be obtained. Therefore, surfactant concentration in solu-
tion also alters membrane filtration mechanism and surfactant retention [Ferndndez
et al., 2005].

1






KNOWLEDGE GAPS, RESEARCH
3 GOALS, QUESTIONS AND
HYPOTHESIS

3.1 KNOWLEDGE GAPS

1. The filtration performance, fouling condition and energy consumption of POME
filtration process are unknown, thus the feasibility of direct filtration needs to be
investigated.

2. For POME filtration, the membrane performances and ultrafiltration mecha-
nisms of PVDF and «-Al,O3; membranes are nor clarified.

3. For POME filtration, the effects of SDS surfactant on membrane performance
in the aspects of the required transmembrane pressure (TMP), process stability and
permeate quality is unknown.

3.2 RESEARCH GOALS

Overarching research goal: Test the feasibility of ultrafiltration technology for POME
treatment.

1. Test and compare the performance of PVDF and a-Al,O3 membranes for syn-
thetic POME filtration.

2. Test the effect of permeate flux and pH on membrane performance to deter-
mine a proper operation condition and further investigate filtration mechanisms.

3. Test the function of SDS surfactant in UF process and figure out its feasibility
and necessity in POME treatment.

3.3 MAIN RESEARCH QUESTIONS (RQ), HYPOTHESIS (HYP),
AND SUB-QUESTIONS (SQ)

Main Research question:

Is direct membrane ultrafiltration feasible for POME treatment? What are the
recovery rates of water and o0il?

3.3.1  POME Synthesis

RQ1: What is the most suitable method to synthesize POME?
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HyP1

POME is synthesized by mixing unrefined palm oil with demineralized water,
possibly with the help of ultrasound, heating and surfactant addition methods to
increase oil solubility. The synthetic POME is proven to be successfully synthesized
by the comparison of oil droplet size distribution and oil concentration of synthetic
POME and real POME. The synthetic POME is characterized by zeta potential at
pH 2-13.

SQ1:
1) What are the size range and average size of oil droplets in synthetic POME?
2) What is the oil concentration range of synthetic POME?

3) What are the trends of zeta potential with increasing pH?

3.3.2 Membrane Performance

RQz2: How to define the optimal condition for POME ultrafiltration?

Hypa:

1) As pore size of PVDF membrane (3onm) is much smaller than that of Al2O3
membrane (yonm), both TMP and oil rejection rate of PVDF membrane is expected
to be much higher than a-Al,O3 membrane.

2) The fouling condition of a-Al;O3 membrane is far less severe than PVDF mem-
brane due to strong repulsion between membrane and pollutants, thus merely less
frequent cleaning is needed, and long lifespan can be promised.

3) The chemical cleaning of membrane shows little impact on membrane material
and structure of a-Al,O3 membrane.

4) The operational energy consumption of a#-Al,O3 membrane setup is lower than
PVDF membrane.

SQ2:

1How is the performance (optimal flux, optimal pH, removal efficiency and anti-
fouling property and stability) of PVDF and Al,O3; membrane for synthetic POME
filtration?

2 What are the differences of filtration mechanism between two membranes?

3) What are the characteristics of permeate from membrane filtration in the steady
state of the whole system? Does it meet the standards of runoff drainage or water
reuse in Table I-4 of appendix I?

4) What is the optimal cleaning frequency and operating conditions that simul-
taneously enable good effluent quality, less energy consumption and proper mem-
brane maintenance?

5) What's the recovery rate of POME filtration process?

6) How to describe the variation trend of TMP, rejection rate, permeate yield
and quality? At which parameter state the membrane should be backwashed or
chemically cleaned?
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7) What is the optimal cleaning frequency and operating conditions that simulta-
neously enables good effluent quality, saves energy and properly maintains mem-
brane?

3.3.3 Effect of Extra Surfactant (SDS) Pretreatment

RQs3: How is the effect of surfactant SDS on membrane performance (removal effi-
ciency, anti-fouling property and process stability ect.)?

Hyp3:

1) The addition of SDS improves the solubility of unrefined palm oil and the
stability of oil droplet size distribution.

2) The POME-SDS filtration always shows more stable TMP within each UF cycles
and in continuous filtration cycles

3) As the size of SDS is much smaller than pore size of both membrane , the
rejection rate of both membrane treating POME-SDS is lower than treating POME-
SDS, but the addition of SDS enables less fouling.

5Qs3:

1) What is the difference of rejection rate of both membranes filtrating POME and
POME-SDS?

2) What is the SDS concentrations in permeate at different operation conditions?

3) At one UF cycle, does the addition of SDS make TMP variation trend more
stable?

4) What is the difference of ultrafiltration mechanisms when treating no-SDS and
with-SDS POME?






4 METHODOLOGY

4.1 POME SYNTHESIS AND CHARACTERIZATION

4.1.1  POME Synthesis Methodology

In this study, two kinds of palm oil mill effluent (POME), POME (without SDS)
and POME with SDS (POME-SDS), were synthesized according to the following
protocols based on different research objectives. According to the target oil droplet
size range of 0.8 - 1.3 ym and target oil concentration of > 4g/L, methodological
parameters was determined after trials. Due to the hydrophobic interactions in
oil-water mixture, hydrophobic oil tend to aggregate together and the mixture is
inhomogeneous with the oil droplets or oil layer. Thus the energy-intensive Branson
Digital Sonifier was needed for oil emulsification and homogenization at different
energy intensity, represented as percentage of amplitude in parameter setting. The
addition of surfactant SDS could lower down the energy intensity required.

1. Palm oil mill effluent without SDS (POME)

Add 6g unrefined palm oil (Brand: KTC Ltd, UK.) a 1L bottle and fill demi-
water to the 1L tick mark. Then shake the mixture at 18orpm at 55°C in New
BrunswickTM Innova 4o shaker for 24 hours, followed by 30-min sonication in
Sonifier at 40% amplitude. After cooling down to room temperature, sieve the
mixture by using 0.103mm sieve INTERL AB-BV) to remove solid oil aggregate.

2. Palm oil mill effluent with SDS (POME-SDS)

Add 3g unrefined palm oil and 0.3g (10% of oil mass) sodium dodecyl sulphate
(SDS) (Sigma-Aldrich) to a s5oomL bottle, and fill demineralized water to the s50omL
tick mark. Then shake the mixture at the same condition as POME synthesis in the
shaker for 24 hours, followed by 30-min sonication in Sonifier at 20% amplitude.
After cooling down to room temperature, sieve the mixture by using 0.103mm sieve
to remove solid oil aggregate.

When testing the effect of POME pH on membrane performance, POME was nor-
mally adjusted by using 0.1 mol/L NaOH and HCl solutions after POME synthesis
procedures, except for UF at pH 2 using 37% concentrated hydrochloric acid and at
pH 10 using 1mol/L NaOH solution.

4.1.2 POME Characterization and Membrane Parameters

POME was characterized by quantifying its oil concentration and clarifying other
physio-chemical properties as follows. Membrane properties were also provided
below.

1. COD and oil concentration
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Chemical oxygen demand (COD, mg COD/L) was determined by Hach-Lange
Kits. For POME, oil content (g oil/L) was directly calculated based on the tested
COD value and theoretical ratio of 2.7g COD/g palm oil calculated in Appendix B.1.
For POME-SDS, the SDS added in synthesis process is assumed to be completely
dissolved in water, and oil concentration was calculated based on the COD value
of POME-SDS minus COD caused by 6oomg/L SDS addition (1208.7mg COD/L).
The relationship between SDS concentrations and the corresponding COD values
is shown in Appendix B.2 and the COD value of 6oomg/L SDS was calculated by
Equation B.4.

2. Other physico-chemical characteristics

pH was measured by Multi3430 multimeter(WTW). The size distribution of oil
droplets in synthetic POME is determined by blue wave laser diffraction particle
size analyzer (Civil engineering and geoscience faculty(CITG), TU Delft, NL) to
compare with real POME. Zeta potential of POME-SDS (Figure 5.2 was measured
by Malvern, the zeta potential analyzer(Applied Science faculty, TU Delft, NL). Lit-
erature provided zeta potential values of raw POME produced in the real palm oil
mill.

3. Membrane parameters

The information of #-AlyO3 ceramic membrane and PVDF polymer membrane is
tabulated in the Table 4.1 below.

Table 4.1: Parameters of a-Al,O3 and PVDF membranes.(IEP: isoelectric point)

Parameter Brand IEP Inner Diameter Pore Length  Cross-Sectional Membrane
size Area Surface Area

Unit - - mm nm mm m? m?

a-AlL,O3 Inopor 8-9 7.0 70 600 3.85x1077 0.013

PVDF Pentair  3-3.5 5.2 30 640 2.12 x107° 0.010

4.2 CONSTANT-FLUX FILTRATION EXPERIMENTS WITH BACK-
WASH

1. Parameter Settings of Experiments

In this study, POME were used as feed solution to investigate ultrafiltration per-
formance of PVDF and Al,O3 membranes. Each membrane was tested in series
at different conditions shown in Table 4.2 and 4.3 below, in which the variables
were permeate flux and pH, respectively. Firstly, PVDF membrane was tested at
incremental permeate fluxes with the interval of 19LMH, starting at 19LMH and
increasing until the TMP exceeded the upper limit of optimal pressure range of
circulation pump ( <1bar). Owing to the larger pores of Al,O3 membrane and its
hydrophilic property thus potentially higher permeability than PVDF membrane,
Al,O3 was expected to have higher optimal flux. Thus Al,Os membrane was tested
starting from the optimal flux of PVDF membrane. To determine the optimal flux
in the test range, three rules were considered: 1) Considering the capacity of the
re-circulation pump, TMP in operation process was expected to be below 1 bar.
2) To maximize the potential of membranes treating more POME at unit duration,
higher flux was preferred. 3) To reduce chemical cleaning frequency and extend
membrane’s lifespan, stable TMP variation and correspondingly lower irreversible
fouling were expected. Then the optimal permeate fluxes for both were determined.
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Table 4.2: Operational parameter setting in the experiments determining permeate permeate

flux.
Parameter pH CFV Permeate  Permeate  Permeate
Flux 1 Flux 2 Flux 3
Unit - m/s LMH LMH LMH
PVDF 5 0.78 19 38 57
a-Al, O3 5 0.78 38 57 76

Afterwards, the effects of pH were investigated. POME pH was adjusted to neu-
tral condition(pH 7), below and above membrane’s IEP to investigate the effects of
pH, in the aspect of electrostatic interactions between membrane and oil droplets.
Thus a-Al,O3 (IEP 41003 = 7.4-8.6) membrane was tested at pH 5 (unadjusted), 7
(neutral, below IEP) and 10 (above IEP ) and PVDF (IEPpypr = 3.0- 3.5) membrane
at pH 2 (below IEP), 4 (above IEP), 5 (unadjusted) and 7 (neutral). In this way,
not only was the optimal conditions for ultrafiltration of both membranes were de-
termined for subsequent long-term test, but UF mechanisms were expected to be
clarified.

Table 4.3: Operational parameter setting in the experiments testing the effect of pH.

Parameter CFV Permeate  pH 1 pH2 pH 3 pH4
Flux

Unit m/s LMH m/s m/s m/s

PVDF 0.78 38 2 4 5 7

a-Al,O3 0.43 28 5 7 10 -

To study the effect of SDS surfactant on membrane performance and figure out
the feasibility of SDS addition, POME-SDS was also filtrated by both membranes at
different conditions to compare with POME filtration performance. The operational
parameters are listed in Table 4.4 and 4.5

Table 4.4: Operational parameter setting in the experiments testing the effect of SDS at dif-
ferent fluxes

Parameter POME Type CFV pH Permeate Flux 1 Permeate Flux 2
Unit - m/s - LMH LMH

PVDF POME 0.78 5 38 57

PVDF POME-SDS 0.78 5 38 57

a-Al, O3 POME 0.43 5 28 42

a-AlL O3 POME-SDS 0.43 5 28 42

2. Operation of Cross-Flow Filtration Setup

At each condition, filtration experiment consisted of 3 cycles and 5 pure water
permeability tests before and after each cycle. One filtration cycle was composed of
four phases as Chen, Shang et al. (2020) stated : 1) Forward flush with feed for 15 s
at a recirculation flow of 2.3L/min to fill the loop, 2) Filtration of POME( or POME-
SDS) at a constant flux for 15 min, 3) Forward flush with demineralized water for 15
s at a recirculation flow of 2.3L/min to discharge concentrate, 4) Backwashing the
membrane module with demineralized water at a fixed pressure of 3 bar for 1 min
to remove the hydraulically reversible fouling. One permeability test was composed
of 2 phases: 1) Forward flush with demineralized water for 15 sat a recirculation
flow of 2.3L/min to fill the loop. 2) Filtration of demineralized water at a constant
flux for 15 min. While in the long-term test, to simulate the real application process
of UE only two permeability tests of demineralized water were executed before the
1st filtration cycle and after the last cycle. No permeability test between cycles was
done like short term test (3 cycles) test, but backwash was done instantly after every
POME filtration cycle, which was the same as short-term test.
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Table 4.5: Operational parameter setting in the experiments testing the effect of SDS at dif-

ferent pH

Parameter POME Type CFV Permeate Flux ~ pH 1 pH2 pH 3 pH 4

Unit - m/s LMH - -

PVDF POME 0.78 38 2 4 5

PVDF POME-SDS 0.78 38 2 4 5

a-Al O3 POME 0.43 28 5 7 10 -

a-Al,O3 POME-SDS 0.43 28 5 7 10 -
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Figure 4.1: Scheme of constant-flow filtration set-up[Chen et al., 2020]

The scheme (Figure 4.1) above demonstrated the setup of filtration experiments.
Table 4.6 in this section and Table C.1 in Appendix C.2 shown the operation con-
ditions of valves and pumps. Two pumps — feed pump (DDA12-10, Grundfos,
Denmark) and circulation pump (VerderGear, Verder B.V., the Netherlands) were
used to dose fresh feed into circulation loop at a constant flow and provide the
cross-flow velocities of 0.78m/s and 0.43m/s, monitored by the flow meter (YF-
Sq02, Zhongjiang energy-efficient electronics Co., Itd., China). The backwash water
vessel was filled with demineralized water and connected with a compressed air
system to supply the fixed pressure of 3 bar for membrane backwash. Two pres-
sure transducers were situated on two sides of membrane module and a beaker on
a digital balance was set below permeate outlet of membrane. Since the pressure
of the permeate stream was equal to atmospherical, the pressure exhibited by the
pressure transducers was TMP [Chen et al., 2020]. The pressure transducers and
balance were connected with a computer to record pressure variation and permeate
weight by using DASYLab 13.0 and Kern Balance Connection software, respectively.

Table 4.6: Operation conditions of valves and pumps in the phases of filtration experiment.
(”+”: open/turned on, ”-": closed/turned off)

No. Phase Valve1  Valve2  Valve3 Valvegq Valves  Feed Recirculation
Pump Pump
1 Forward Flush - + + + - -
2 Filtration - + - - + +
Forward Flush - + + + - -

Backwash + - - + - - -

AW
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4.3.1  Solute Rejection Rate (Rj;)

The rejection rate of oil or LCFA can directly evaluate the treatment efficiency of
membrane, which is also a way to evaluate the electrostatic force between mem-
brane and LCFA. Generally, stronger electrostatic repulsion corresponds to larger
rejection value. Rejection rate can be calculated by the Equation 4.1 below [Ver-
liefde et al., 2008]. The subscript i represents the rejected substance type, and C,;,
Cy,; are the concentrations of solute; in permeate and feed (POME or LCFA solu-
tion), respectively. In this study, the rejection rate of COD was mainly calculated
and discussed, and Rjcop represented rejection rate of oil since POME (without
SDS) was merely composed of palm oil and water. When ultrafiltration of POME-
SDS started to be discussed, COD of permeate caused by SDS and oil were roughly
calculated by the methodology introduced in the following section 4.3.2, thus both
oil recovery and SDS recovery could be calculated accordingly.

Rjj=1- (4-1)

4.3.2 Permeate Analysis

Permeate analysis involves three parameters, COD, oil concentration and SDS con-
centration. COD of permeate samples is derived from 2 sources, palm oil and
SDS. Overall COD value of permeate was determined by Hach-Lange Kits. For
the permeate produced in POME-SDS UF process, oil concentration was roughly
determined by the absorption spectroscopy of permeate samples tested by using
ultraviolet—visible spectroscopy (UV-Vis) according to the relation between palm
oil concentrations and corresponding absorbance shown in Appendix B.3. Then
SDS concnetration can be calculated by overall COD minus COD attributing to oil
dissolved in permeate and Equation B.4 in Appendix B.2.

4.3.3 Recovery Rate(R)

Because all experiments in this study were executed in constant-flux mode and
Chen et al. [2020] verified that this setup (4.1) could produce permeate at constant
flow as long as TMP did’t encounter sharp increase, permeate flow could be re-
garded to be the same as feed flow at and below optimal permeate flux. Water
recovery rate (Reqater) and oil recovery rate (R,;;) were claculated by Equation 4.2
and 4.5, representing the ratio of permeate volume to total POME volume, and the
ratio of oil weight in concentrate to that in total POME consumed in filtration pro-
cess, respectively. In Equation 4.5, COD value of concentrate was determined by the
equation of COD balance (Equation 4.4), in which the left and right side represent
total COD involved respectively before and after one filtration cycle. However, the
COD value of concentrate could not be verified by direct measurement using COD
kit, because emulsified oil in feed (POME) accumulated in the cycle of the setup
and formed oil droplets in concentrate, making concentrate inhomogeneous.
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1). Water Recovery

mL 15min/cycle
FZOZUpermeate X T 60min/k

Ruater = mL , 15min/cycle

PlowfeedT X T 60min/h + Vtubes + Vmembmne

2). COD Balance:

15min /cycle
60min /h

15 min /cycle
60min /h

Flowfeeq x CODpomE X + Viubes X CODpomE

= Flowpermeate X CODpermeate < + Viubes X CODconcentrate

3). Oil recovery

(Vtuhes —+ Vmemhrane) X CODconcentrate

L 15min/cycle

Roil =
(Flowfeeme X 60min/h + Vtubes + Vmembmne) X CODPOME

4.3-4 Membrane Fouling Evaluation

(4-2)

(4-3)

(4-4)

(4-5)

Xing et al. [2019] utilized resistance-in-series model to evaluate membrane fouling

via membrane resistances, calculated by the Equation 4.6 - 4.10 below.

TMP

Ry = e = Ry + Ry + Ry
R, — TMP,

ul
R, — TMPy

#l

TMP, TMP,

Rir = -

w w

R, = R — Ry — Ry

(4.6)

(4.7)

(4.8)

(4-9)

(4.10)

where R; (m™1) is the total resistance consisting of intrinsic membrane resistance
Ry, m™1), hydraulic reversible resistance (Ry, m~1) and irreversible resistance (R;,,
m~!). TMP is the trans-membrane pressure (Pa) during filtration and ] is the filtra-
tion flux (m/s). p is the dynamic viscosity (Pa- s). R;; was determined through the
permeability test of pure water before the first cycle (Equation 4.7) and the average
TMP of the last 50 TMP values collected at stable state was recorded as TMPy. Ry
was calculated based on the highest filtration pressure (TMP;) as shown in 4.8. After
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backwash, the average TMP in pure water permeability test was recorded as TMP,,
and R;, was determined from Equation 4.9. This resistance-in-series model could
eliminate the effect of the difference of initial membrane permeability caused by
insufficient chemical cleaning between different experiments, making all UF results
comparable. Moreover, normally R;, attracts more attention since the irreversible
fouling could not be cleaned by backwash. The reversible fouling will only increase
energy consumption as higher pressure is required in filtration process with higher
R,.
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5 RESULTS AND DISCUSSION

5.1 POME CHARACTERIZATION

By applying POME synthesis methodology illustrated in Section 4.1.1, both POME
and POME-SDS were successfully synthesized, verified by the physio-chemical
properties below. To provide complete physio-chemical information for subsequent
results analysis, the effect of pH on oil droplet size distribution and zeta potential
were also investigated.

1. COD and Oil Concentration

As the energy intensive sonifier was applied to emulsify palm oil for POME
(POME-SDS) synthesis, oil concentration in emulsion was not a certain value but
in a range of 3.2-5.82 and 4.5-6.0 g oil/L, respectively for POME and POME-SDS.

2. pH, Oil Droplet Size Distribution and Zeta Potential

pH of POME was 5. The oil droplet size of synthesized POME was shown in
Figure 5.1, with the size of most oil droplets around 1.538 ym. The synthesized
POME-SDS (Figure A.1 in Appendix A)also had similar oil droplet size distribution
and peaks. Zeta potential of POME-SDS (Figure 5.2) was -5o0mV and it changed in
the range from -57 to -43mV at pH 2-11. Without SDS addition, zeta potential of
raw POME was much higher, -15.4 and -18mV as reported in literature[Lek et al.,
2018] and Zahrim et al. [2014], respectively.

Particle Size Distribution
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Figure 5.1: Oil droplet size distribution of POME (Peak summary: [Diameter - v/v%]: 1.538
pum - 61.5%; 0.041 pm - 38.5%).

3. Oil Droplet Size Distribution and Zeta Potential at Different pHs

When pH varied from pH 2 to pH 11, both oil droplets size distribution and zeta
potential of POME (with and without SDS) changed. For POME-SDS, oil droplet
size kept unchanged at pH 2-9, but the oil droplets with significantly increased size
appeared at pH 10-12 (Figure A.2 in Appendix A.3). Its zeta potential fluctuated
in the range from -57 to -43mV in this pH range. For POME (without SDS) tested
in the referenceAzmi and Omar, with pH increasing from 2 to 11, zeta potential
decreased from -10 to -35mV. Particle size variation shown the similar results as
POME-SDS, that was, stable in the pH range of 3-10, and then increasing from pH
10 upwards. Besides, in this study [Azmi and Omar], zeta potential of raw POME
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decreased from -10 to -35 when pH increased from 3 to 12, which was shown in
Figure A.4 .

Zeta Potential vs. pH (POME-SDS)

Zeta Potential [mV]

2 2 5 8 i
pH
Figure 5.2: Variation of zeta potential of POME-SDS at different pH ranging from 2 to 11.

5 24000
20000 4
16000 -
-20 12000
-25

8000

-30 4000

POME zeta potential (mV)
POME particle size (d.nm)

-35 0

2 3 4 5 6 7 8 9 10 11 12 13 2 3 4 5 6 7 8 9 10 11 12 13

pH pH
Figure 5.3: Variation of zeta potential (left) and particle size (right) of real POME (without
surfactant addition) at different pH ranging from 3 to 11.Azmi and Omar

4. The Derived Information of Hydrolyzed LCFA in POME

In POME, long chain fatty acid (LCFA) is an important composition due to its
function as a natural surfactant. LCFA can be hydrolyzed from oil in different
conditions, including natural condition without any human intervention. In this
project, the amount of hydrolyzed LCFA couldn’t be directly measured, but the
qualitative conclusion can be derived by other information. Due to the small extent
of oil hydrolysis, the hydrolyzed LCFA in POME is not sufficient to function as a
stabilizer like SDS in POME-SDS. The following paragraph explained the derivation
in detail.

As palm oil is overdosed in POME-SDS preparation, the dosage of 6oomg/L SDS
is not redundant for the stabilization of oil emulsion, which is also proved by the de-
crease of oil concentration in emulsion caused by the the reduction of SDS dosage
(6oomg/L to 480 mg/L). Compared with the zeta potential of raw POME, more
negative charges on POME-SDS indicates the inadequate LCFA in POME (without
SDS) that can not completely surround oil droplet to form surfactant layer, corre-
sponding to the accelerated oil deposit formation in less stabilized POME observed
in experiments. Thus, in POME, the interaction between LCFA and oil droplets
is more likely to be similar to the condition when SDS ions just surround part of
the oil droplet surface (Figure 2.2, right side). While the extra dosage of chemical
surfactant (SDS) will potentially make ultrafiltration system more stable, which is
finally verified by the long-term test of a-Al,O3 membrane (Figure 5.24 in Section

5.3.3)-
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5.2 RESULT OF PVDF MEMBRANE ULTRAFILTRATION

PVDF membrane was firstly applied to test the feasibility of direct POME ultrafiltra-
tion. In this section, POME was firstly treated at gradient permeate fluxes, and then
the experiments were executed using POME with pHs below and above IEPpypr.
In this way the optimal condition (flux and pH) of PVDF membrane ultrafiltration
were determined. Afterwards, POME-SDS was fed into ultrafiltration system to
test the effect of extra SDS dosage on membrane performance. In the ultrafiltra-
tion process, lower TMP (at least <1bar) and less irreversible fouling were always
expected.

5.2.1 Effect of Permeate Flux on PVDF Membrane Performance(TMP and Foul-
ing)

TMP vs.Time at 19,38&57LMH (PVYDF Membrane)
144 Cycle 1 Cycle 2 Cycle 3

58" i ‘ , 1t v A
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Figure 5.4: Three cycles of POME PVDF membrane filtration at permeate flux 19, 38 and

57LMH (CFV=0.78m/s).

As shown in Figure 5.4, UF of POME at gradient permeate fluxes(19, 38 and 57
LMH) determined the optimal flux at 38LMH in the test range. The condition of
38LMH allowed for lower and more stable TMP (<1 bar) compared with 57LMH,
and provided higher permeate flux and similarly slight irreversible fouling com-
pared with 19LMH (Figure 5.5). The upper limit of flux range attributed to irre-
versible fouling formed on the membrane that backwash was not able to remove
any more.

PVDF membrane could efficiently treat POME after the 1% cycle, with COD rejec-
tion rate above 99.5% and COD of permeate below 6omg/L (Figure 5.6), which met
the guidelines for water discharge and reuse ( Appendix A.2).

Steric hindrance and electrostatic interaction mainly functioned and resulted in
stable TMP and high efficiency. The small membrane pores (3onm) guaranteed
high COD rejection rate by steric hindrance. At original POME pH at 5 (above
IEPpypF), the electrostatic repulsion between oil droplets (negatively charged) and
PVDF membrane (negatively charged) prevented oil droplets approaching mem-
brane surface and adsorbing onto it (Figure 5.8), thus the required TMP didn’t
change within each cycle and during the 3-cycle period.
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Figure 5.5: Rr and Rir variation of PVDF membrane at 19, 38 and 57 permeate flux
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Figure 5.7: An illustration of forces experienced by an oil droplet near a membrane surface
[He et al., 2017]. The x-axis is parallel to the membrane surface. The y-axis is
perpendicular to the membrane surface. The shear force due to crossflow, Fx,
acts in the x-direction, and the surface interactions, Fy1, and drag force, Fy2, act
in the y-direction.
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Qil Concentration Increases
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Figure 5.8: The visualized mechanism of PVDF membrlane ultrafiltration of POME at pH 5
and 7 (Oil droplet-membrane repulsion and oil layer-oil droplets repulsion).

The increase of COD rejection from the 1 to 2™ cycle (Figure 5.6, A) could
be explained by the slight fouling caused by a small amount of oil adsorbed on
membrane as shown in Figure 5.8. He et al. [2017] illustrated the forces experienced
by an oil droplet near a membrane by Figure 5.7. Although electrostatic repulsion
significantly (F,;) hindered oil droplet approaching membrane, the drag force of
permeate flow (F,2) controlled by pumps can lead to oil deposition on membrane.
The transportation of oil towards membrane (F,) is balanced by the shear-induced
removal ((Fx)) of the droplets that coalesce to exceed a critical size [He et al., 2017].
In this dynamic process, the smaller-size coalesce that was not removed by shear
force played a role in the size reduction of membrane pores and the increase of
COD rejection.

At higher flux (57LMH), due to severe concentration polarization near membrane,
the increase of drag force compressed the layer containing large oil droplets starts
forming just above the membrane surface [Chakrabarty et al., 2008], leading to the
dominance of irreversible fouling as Figure 5.5 shown. In filtration process, the high
pressure was not only the result of fouling formation but in turn was the driving
force of compression that worsened the fouling condition. It was the synergy of oil
deposition onto membrane and TMP increase that caused severe fouling.

5.2.2 The Effect of pH on PVDF Membrane Performance (TMP and Fouling)

In Figure 5.9, PVDF membrane shown apparent difference when treating POME at
pH below (pH 2) and above membrane IEP (pH 5 and 7). Original POME pH was
the optimal value (pH = 5).

At pH 5 and 7, negatively charged oil droplets were rejected by negatively charged
membrane via electrostatic repulsion, which hindered oil adsorption onto mem-
brane and allowed for stable TMP.

While at pH 2, the attractive force between negatively charged oil droplets and
positively charged membrane made oil tightly adsorbed on membrane. The oil
layer formation on a clean PVDF membrane (hydrophilic) transformed membrane
surface to hydrophobic (visualized by Figure 5.10), thus membrane permeability
was reduced and higher pressure was needed to maintain constant flux. Besides,
drag forces (F,, in Figure 5.7) provided by permeate flow and electrostatic attrac-
tion resulted in larger proportion of irreversible fouling as depicted in Figure 5.11,
compared with pH 5 and 7.
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TMP vs.Time at pH 2,4,5&7 (PVDF Membrane)
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Figure 5.9: Three cycles of POME PVDF membrane filtration at pH 2,5 and 7 (CFV = 0.78m/s,

Permeate Flux = 38LMH).
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Figure 5.10: The visualized mechanism of PVDF membrane fouling at pH 2 (The change
of membrane surface property caused by oil layer formation: hydrophilic to

hydrophobic).
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When pH was just slightly larger than IEPpypr (pH 4), rare charges on the PVDF
membrane (close to neutral state) and decreased charges of oil droplets (due to less
natural surfactant ions in acidic condition), made electrostatic repulsion too weak
to hinder oil adsorption and to maintain its anti-fouling property. Without the
function of electrostatic repulsion (F,1), the shear force provided by cross flow (Fy)
was not able to sufficiently remove oil droplet coalesce on membrane. Therefore,
PVDF membrane encountered gradual TMP increase from the cycle 1 to 2 and sharp
increase in cycle 3 (Figure 5.9), which attributed to the synergy of oil deposition onto
membrane and TMP increase demonstrated in the last paragraph of Section 5.2.1.
In this process, Rcop also increased, from 96.5% of cycle 1 to 97.2% of cycle 2 and
98.8% of the last cycle.

5.2.3 The Effect of SDS Addition on PVDF Membrane UF Performance (Stability
and Efficiency)

According to TMP variation of PVDF and resistance respectively in Figure 5.12 and
5.13, SDS addition not only didn’t modify membrane performance, but caused sev-
erer fouling, especially at higher permeate flux (57LMH). Although TMP gradually
decreased from cycle 1 to cycle 3 and became stable in cycle 3 at 57LMH, TMP in
the test period was always above 1 bar.

In POME-SDS, SDS ions can be free or adsorbed on oil droplets to form the
surfactant film (Figure 2.2, left side) as discussed in Section 2.3.2. Although more
negative charges on oil droplets (and SDS) enhanced their repulsion, SDS addition
increased ionic strength, which exacerbated coagulation and compaction of cake
layer [Matos et al., 2016]. Besides, SDS accumulation in one filtration cycle led to
the formation of a polarization layer composed of monomer aggregates and the
micelles generated near membrane surface. Despite the pre-sieving effect of SDS
monomers that may increase SDS rejection, the small-size SDS (molecular weight:
288.38g/mol) were prone to pass through membrane pores thus a higher permeate
COD is obtained.

TMP vs.Time at 38&57LMH (PVDF)
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Figure 5.12: Comparison of PVDF membrane performance treating POME with and without

SDS (CFV = 0.78m/s, Permeate Flux = 38 and 57LMH).
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SDS (CFV = 0.78m/s, Permeate Flux = 38 and 57 LMH).
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Figure 5.14: Long-Term Test of PVDF membrane.
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5.2 RESULT OF PVDF MEMBRANE ULTRAFILTRATION \

In the long-term test (TMP in Figure 5.14 and resistance in Figure 5.15), the ad-
dition of SDS in POME stabilized TMP variation. However, TMP of POME UF was
always larger than POME-SDS UF, while in 3-cycle tests (Figure 5.12) shown the
opposite phenomenon. The reason could possibly be that, a completely new PVDF
membrane was used to execute long-term test of PVDF membrane treating POME-
SDS, while the filtration of POME was done after times of filtration and chemical
cleaning.

Like POME UF (without SDS) in Section 5.2.2, POME-SDS ultrafiltration was also
executed at different pHs as POME and original pH (pH 5) was proved to be at the
positive side with good anti-fouling performance for PVDF membranes. The results
at different pH were discussed in Appendix D.1.
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5.3 RESULTS OF #-AL203 MEMBRANE ULTRAFILTRATION

In this section, firstly, a-Al,O3 membrane was used to filtrate POME at different
permeate fluxes and pHs of POME to investigate its optimal condition. Then SDS
was added in POME to test the effect on membrane performance in both short-
term (3 cycles) and long-term UF test. The mechanisms of oil droplet rejection and
fouling formation were also discussed at each condition.

5.3.1  The Effect of Permeate Flux on a-Al,O3 Membrane (TMP and Fouling)

Ultrafiltration of a-Al,O3 membrane at different permeate fluxes started from PVDF
membrane’s optimal, 38LMH and subsequently increased to 57 and 76LMH. 57
LMH was a-Al,O3 membrane’s optimal flux as depicted in Figure 5.16.

At optimal flux (57LMH), not only did a-Al,O3 membrane perform well with low
(<o.2bar) and stable TMP within and between all cycles, but it could produce more
water in unit time than at 38LMH. While at higher flux (76LMH), TMP continuously
increased from the former to latter cycles and it was no longer stable within the third
cycle, with an obvious increasing trend from the 12! minute, which conformed to
large proportion of Rir in the last cycle depicted in Figure 5.17.

The application of a-Al,O3 membrane in POME treatment was proved efficient
with high COD rejection rates (>99.5%.) in all cycles after the 1. The increase of
COD rejection at low permeate flux from the 1° to 2" cycle was also observed.

The formation of oil layer on membrane surface and the reduction of pore size
could explain the increase of Rjcop (5.18). At original POME pH (pH 5), the elec-
trostatic repulsion between positively charged x-AlO3; membrane and negatively
charged oil droplets allowed for oil adsorption and an oil layer formation on mem-
brane, which reduced pore size and reversed membrane charge from positive to
negative. The theory of charge inversion caused by foulant layer was supported
by these studies [He et al., 2017; Li and Elimelech, 2006] summarised in literature
review part of this report (Section 2.2.2). In this way the foulant layer formation
shifted oil droplet-membrane interaction to oil droplet-oil layer interaction, and the
force transformed from attractive to repulsive, hindering further adsorption of oil
droplets.

Furthermore, two evidence can verify the oil layer formation theory proposed in
last paragraph. The first was the high COD rejection occurring at the condition with
inadequate steric hindrance (38.5% oil droplets around 46nm, <7onm of pore size)
and non-beneficial oil droplets-membrane interaction (attraction). Thus the change
of membrane surface happened and the formation of oil layer was reasonable. Be-
sides, the dominance of large oil droplets (61.5%) oil droplets around 1.53mum,
>7onm of pore size) make oil droplets more likely to (partly) cover membrane
pores rather than adsorption into pore walls, which could prevent the formation of
too much fouling caused by oil layer.

The other evidence was provided by an extra POME ultrafiltration test at lower
permeate flux (14LMH) and CFV (4.3m/s) (see in Appendix C), which aimed to
slow down the oil layer formation process. The gradual increase of COD rejection
rate (61.4%, 86.6% and 98.5% in the 1%, 2" and 3" cycle, respectively) conformed
the condition of the slow formation of oil layer and further verifies the theory of oil
layer formation.
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TMP vs.Time at 38,57&76LMH (Ceramic Membrane)
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Figure 5.16: Three cycles of POME Ceramic membrane filtration at permeate flux 38,19 and

57LMH (CFV=0.78m/s).
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Figure 5.17: Rr and Rir variation of a-Al,O3 membrane at 19, 38 and 57 permeate flux
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Figure 5.18: The visualized mechanism of good a-Al,O3; membrane performance due to

charge inversion resulted from oil layer formation at pH 5 and 7.
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5.3.2 The Effect of pH on a-Al;O3 Membrane Performance (TMP and Fouling)

In Figure 5.19, a-Al;O3 membrane shown apparent difference when treating POME
at pH below and above membrane IEP. Fortunately, pH 5 was still in the positive
side with good anti-fouling property like PVDF membrane.

TMP vs.Time at pH 5,7&10 (Ceramic Membrane)

10
Cycle 1 Cycle 2 Cycle 3
0a pH 10
pH7
—— pH5
06
<
=)
S os
z
i
v R iy '~'~"""\’M'"'l"l"'MM. » 1 qiu.W’,‘u.~Mu',l_-.M‘n‘r'f‘fﬁ"ﬁ'\fl""‘mﬂ"M M" .,l.'mr_u-,..-mw,r.'.‘.\«u‘f".-.‘-'«w."'.'r‘rWlI‘llpllfm'"'”
0.0

00 25 50 75 100 125 150 00 25 50 75 100 125 150 00 25 50 75 100 125 150
Time [min]

Figure 5.19: Three cycles of POME «&-Al,O3 membrane filtration at pH 5,7 and 10 (CFV =
0.43m/s, Permeate Flux = 28LMH ).
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Figure 5.20: Rr and Rir variation of a-Al;O3 membrane at pH 5,7 and 10

«-Al,O3 membrane shown the opposite condition from PVDFE. Below IEP 41503,
a-Al,O3 membrane shown stable TMP (Figure 5.19) and slight fouling (Figure 5.20),
which attributed to the formation of the oil layer (5.18) and its effects on charge
inversion as demonstrated in the last Section

At pH 10 above IEP 4)503, membrane performance became worse, in the aspects
of climbing TMP in each cycle (Figure 5.19, blue curve) and lower Rjcop values
(92.2%, 97.2%, 97.4% respectively in cycle 1, 2 and 3 ) compared with pH 5 and 7
( 98.7%, >99.5%, >99.5%). The membrane fouling at pH 10 could be possibly due
to the change of solute composition caused by enhanced lipid hydrolysis and fatty
acid dissociation at higher pH [GRIT et al., 1993]. Although the dissociated LCFA
was likely to enable strong repulsion between negatively charged solutes and nega-
tively charged PVDF membrane, the smaller-size components such as glycerol and
LCFA ions generated in lipid hydrolysis process tended to pass through membrane
pores, resulting in membrane fouling and higher COD of permeate. During pH
adjustment process using 1 mol/L NaOH solution, re-dissolution (disappearance)
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of small residual oil aggregates floating on POME was observed, which could verify
the hypothesis above.

5.3.3 The Effect of SDS Addition on a-Al,O3 Membrane Performance (Stability
and Efficiency)

TMP vs.Time at 28&42LMH (Ceramic Membrane)
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Figure 5.21: Comparison of a-AlO3 membrane performance treating POME with and with-
out SDS (CFV = 0.43m/s, Permeate Flux = 28 and 42LMH).
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Figure 5.22: Rr and Rir variation of Ceramic membrane treating POME with and without
SDS (CFV = 0.43m/s, Permeate Flux = 28LMH).

From Figure 5.21, SDS addition didn’t significantly improve membrane perfor-
mance by decreasing the required pressure, however the 3-cycle filtration test indi-
cated its potential of process stabilization. By comparing the light green-light red
gap (without SDS, larger) and dark green-dark red gap (with SDS, smaller), SDS
mitigated TMP increase caused by flux increase, despite the fouling increment at
28LMH due to the extra pollutant (SDS) brought into feed emulsion.

The mechanism of SDS functioning in «-AlO3 membrane ultrafiltration was ex-
plained by the bi-layers SDS formation on membrane surface demonstrated in Sec-
tion 2.3.3 of literature review as de Vos and Lindhoud [2019] reported. Firstly, the
SDS head-membrane electrostatic attraction and the SDS tail-membrane hydropho-
bic interaction enabled the formation of the first layer of SDS on the membrane.
Afterwards, with SDS concentration increased near membrane surface, SDS ions of
the second layer were neatly arranged on the first SDS layer via the SDS tail-SDS tail
hydrophobic interaction, with hydrophilic head orientating towards bulk solution.
In this way, the bi-layers of SDS formed on membrane. The double layers on the
one hand made a-Al;O3 membrane become hydrophilic, thus membrane perme-
ability was expected to be improved. On the other hand, bi-layers of SDS reversed
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the charge of membrane surface to negative, the electrostatic repulsion between bi-
layers and oil droplets could hinder the adsorption of oil droplets and the formation
of more fouling. Nevertheless, the weaknesses of SDS dosage were also worthy of
attention. The extra foulant (SDS) increase reversible fouling (Figure 5.22, cycle 2

and 3).
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Figure 5.23: The formation of by-layers SDS on a-Al,O3 membrane at original pH (pH 5)
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and pH 7 [de Vos and Lindhoud, 2019].

Long-term Test of Ceramic Membrane

Cycle 1 2 3 4 WithsDs 5
No SDS
6 7 8 9 10
i r r
1 12 13 J 14 15

0 5 ) 50 5 ) =0 5 ) ) 5 10 50 5 0
Time [min]

Figure 5.24: Long-Term Test of a-Al;O3 membrane.
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The subsequent long-term test of a-Al,O3 membrane treating POME and POME-
SDS proved SDS potential of process stabilization. In Figure 5.24, although in the
first 12 cycles, the addition of SDS in UF resulted in higher TMP, in the long run
(15 cycles), TMP steadily climbed within each cycle and slightly increased from
former to latter cycle, which indicated the effect of SDS - retarding TMP increase
and avoiding such sharp TMP increase as shown in the 14" cycle of POME (without
SDS) ultrafiltration. Hence, the advantages and disadvantages of SDS addition
could be clarified, that is, bringing in extra fouling due to 2-layer SDS formation
but “protecting” membrane from oil adsorption thus stabilizing UF process in the
long run.

Ultrafiltration of POME-SDS was executed not only at different permeate fluxes,
but at different pHs. The addition of SDS didn’t change the effect of pH on a-Al,O3
membrane performance. The discussion in detail can be found in Appendix D.2.

1es Resistance (Rir+Rr) in Long-Term Test - Ceramic

Cycle 1

Rir+Rr [m-1]

Figure 5.25: Rr and Rir Variation in Long-Term Test of a-Al;O3 membrane.

5.4 COMPARISON OF &#-AL203 AND PVDF MEMBRANE UL-
TRAFILTRATION PERFORMANCE

5.4.1 Efficiency Comparison between a-Al;O3 and PVDF Membranes

In the aspect of POME treatment efficiency, both membranes showed quite excel-
lent performance, with COD rejection rate higher than 99.4% in most cycles. With
the addition of SDS, the low SDS rejection rate (around 40%) of both membranes
worsened permeate quality. These messages were visualized by the Figure 5.26 and
discussed in detail in the following paragraphs. Table 5.1 summarized the informa-
tion of permeate COD and rejection values of ultrafiltration processes using the two
membranes.

Table 5.1: Rejection ranges of oil and SDS respectively for PVDF and a-Al,O3 membranes

Membrane Type COD,; CODsps Rjoir Rjsps

mg COD/L mg COD/L % %
PVDF 30.7 - 42.6 796.0 - 857.6 99.6 - 99.7 29.0 - 34.1

(One outlier: 311.4) (One outlier: 97.3) (One outlier: 36.6)
a-Al,O3 20.2 - 30.7 719.0 - 739.4 99.7 - 998 38.8 - 405

Figure 5.26 shown the variation of permeate COD from feed to cycle 1-14 (15).
For POME (without SDS, left side of Figure 5.26) filtration, Rcop kept quite low
in the whole filtration period for both membrane, while with the addition of SDS,
permeate COD increased 10 times more than that of POME-SDS filtration. Beside,
despite the variation of TMP and fouling formation along the whole filtration pro-
cess, permeate COD was always stable for both membrane, which promise great
treatment quality and stability in the long run. When treating POME-SDS, COD
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Figure 5.26: COD rejection rate of long term UF test using both membranes treating POME
and POME-SDS (upper left: PVDF - POME; upper right: PVDF - POME-SDS;
lower left: -Al,O3 - POME; a-Al,O3 - POME-SDS)

value attributed to oil in permeate were determined according to the methodology
as Section 4.3.2 explained. Thus CODgpg as well as oil and SDS rejection rates were
calculated as Table 5.1 shown. Oil rejection rate maintained around 99.7% for both
membranes as in POME (without SDS) filtration process. The enhancement of oil
droplet retention caused by SDS layer in POME-SDS filtration and by oil layer in
POME synthesis was the same. However, SDS rejection was rather low, in the range
of 29 - 34.1% and 38.8 - 40.5% for PVDF and a-Al,O3 membranes, respectively. The
lower SDS rejection rate of a#-AlO3 membrane could attributed to SDS adsorptions
and larger pore size (yonm) than PVDF membrane (3onm), allowing SDS passing
through membrane pores more easily. Within each filtration cycle, the maximum
SDS concentration in concentrate side was below 1.1 g/L (calculated based on the
water recovery rate at 38LMH and the assumption of 100% SDS retention). Since
the the SDS micelle radius in 2.88-144.2 mol/L SDS solution shown was in the range
of 1.82 - 1.85 nm [Duplatre et al., 1996], the radius in filtration concentrate side was
smaller than 1.82nm, as well as smaller than oil droplets and membrane pore size,
which could explain the lower rejection rate of SDS.

5.4.2 Recovery Comparison between a-Al,O3 and PVDF Membranes

In ultrafiltration process, apart from the geometric parameters of membrane, the
recovery of water and oil was largely determined by permeate flux. The recovery
rates of oil and water were calculated by using the methodology and equations in
Section 4.3.3, and the rate at different fluxes were shown in Table 5.2.

«-Al,O3 membrane shown great potential of higher oil recovery and more per-
meate production.. Its Higher optimal flux (57LMH) largely determined its higher
water recover rate (62.4%) and higher concentration of oil concentration (9.5%) in
concentrate. However, since the geometric parameters of two membranes were dif-
ferent as 4.1 shown, especially for inner diameter and pore size, the comparison of
recovery between two membranes in this paragraph couldn’t represent the category
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of two membranes, and it was merely limited in the two membranes used in this
study.

Table 5.2: Water recovery rate and oil concentration in concentrate side at different test

fluxes.

Membrane Type. Flux (LMH) Water Recovery (%) Qil Concentration (g/L)
19 29-3 4.9

PVDF 38 45.3 6.4
57 554 8.0
38 52.5 7-4

a-Al O3 57 62.4 9-5
76 68.8 11.6

5.4.3 Summary of Ultrafiltration Mechanisms for a-Al,O3 and PVDF membranes

In this section, the mechanisms of POME ultrafiltration using a-Al,O3 and PVDF
membranes at different conditions were summarized in the Table 5.3. Besides, the
different effects of oil layer formation for the two membranes were discussed in
detail in the following paragraphs.

Table 5.3: The summary of ultrafiltration mechanisms of a-Al,O3 and PVDF membranes at
different conditions

Membrane POME pH Membrane- Hydrophobicity/  Oil/SDS Membrane-  Hydrophobicity Membrane performance
Type. Type oil droplets Hydrophilicity layer For-  new layer  /Hydrophilic-  (main mechanism)
electrostatic of clean mem-  mation electro- ity of fouled
interaction brane static membrane
interac- surface
tion
POME 2 Attraction hydrophilic oil layer Repulsion Hydrophobic Severe Fouling (Increased
(neatly hydrophobicity of mem-
ar- brane surface)
ranged)
POME 4 Repulsion hydrophilic Oil layer Repulsion Hydrophobic Severe Fouling (Oil deposi-
(very weak) (grad- tion and accumulation)
ually
formed)
PVDF POME 5&7  Repulsion hydrophilic oil layer  Repulsion Hydrophobic Stable TMP&little fouling
(loose) (membrane-oil droplet re-
pulsion)
POME- 5 Repulsion hydrophilic 0il+SDS Repulsion Hydrophobic Slightly increasing TMP,
SDS (stronger) layer Little fouling (Membrane-
(loose) oil droplet/SDS repulsion)
POME 5&7  Attraction hydrophobic oil layer Repulsion Hydrophobic Stable TMP&little fouling
(neatly (Charge inversion and
ar- membrane-oil droplet
ranged) repulsion)
- POME 10 Repulsion hydrophobic oil layer Repulsion Hydrophobic Severe Fouling (Deposi-
Al O3 (loose) tion of Oil, & LCFA and
glycerol )
POME- Attraction hydrophobic Bi-layers Repulsion Hydrophilic Slightly increasing TMP,
SDS (stronger) SDS more  stable  process
(neatly (Charge inversion and
ar- increased hydrophilcity of
ranged) membrane surface)

When membrane and oil droplet were oppositely charged, oil droplets were ad-
sorbed on membrane and an oil layer formed on membrane surface. However, at
this condition, #-Al,O3 membrane (pH 5 or 7) shown the opposite condition from
PVDF (pH 2), with the former showing stable and good anti-fouling performance
and the latter severely fouled. Despite pH effect on oil hydrolysis (enhanced) and
LCFA dissociation (weakened) at pH 2 - the increased fouling likelihood of PVDF
membrane was caused by more LCFA molecules (less LCFA ions in comparison),
the difference of the property between two membranes also played an important
role.

For hydrophilic PVDF membrane, oil layer formation transformed its surface
to hydrophobic, which significantly reduced the permeability of PVDF membrane.
However, in this study, the hydrophobicity of a-Al;O3; membrane did not change
with oil layer formation. It was the destruction of the strength of a membrane
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(hydrophilicity of PVDF) that significantly weakened membrane anti-fouling per-
formance.

The different focuses of foulant deposits-foulant interaction between hydrophilic
polyamide membrane Lin and Rutledge [2018] and hydrophobic ceramic membrane
Matos et al. [2016] summarized in Section 2.3.3 in literature review can support
the difference of oil layer formation on the two membranes and the mechanisms
demonstrated in this study.

To discuss the effect of surfactant on membrane performance, the focus and ma-
jor surface interaction vary with different membranes. For hydrophilic polyamide
membrane, Lin and Rutledge [2018] paid more attention to the hydrophilicity /hy-
drophobicity interaction due to the adsorption of surfactant on interface. More oleo-
phobic membrane surface makes oil droplets hardly stay upon membrane surface
and increases the likelihood of removal by shear force provided by cross flow. For
hydrophobic ceramic membrane, Matos et al. [2016] focused more on electrostatic
interaction between membrane and surfactant (oil droplets).
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6.1 CONCLUSION

The conclusions for the research questions are given as follows:

Main Research Question: Is direct membrane ultrafiltration feasible for POME
treatment? What are the recovery rates of water and oil.

Overall conclusion: Direct membrane ultrafiltration of POME is a feasible method
for POME treatment with high-quality permeate and acceptable recovery rate.

1) How to define the methodology for POME synthesis?

Conclusion 1: POME was successfully synthesized by the methodology of mix-
ing heating at 55 °C) and sonication at 40% amplitude with the dosage of 6g/L
unrefined palm oil. Oil concentration in the range of 3.2-5.82 g oil/L and the size
of most oil droplets around 1.54um. The addition of SDS could enhance emulsifica-
tion of oil thus increase palm oil solubility and zeta potential of POME, and reduce
the energy intensity needed for POME-SDS synthesis. Oil droplets in POME and
POME-SDS were always negatively charged and zeta potential of both feed was
relatively stable with the variation span around 1omV.

2) How to define the optimal condition for POME ultrafiltration?

a-Al,O3 could provide higher permeate flux (57LMH) than PVDF membrane
(38LMH). Both membranes shown obvious difference of membrane anti-fouling
property below and above membrane’s IEP and great membrane performance lied
in at the side of original POME pH (pH 5). TMP and resistance (Rr + Rir) of a-Al,O3
UF was lower than PVDF membrane. Despite the pore size difference between «-
Al,O3 (yonm) and PVDF (3onm) membranes, both membranes were efficient for
oil separation with oil rejection rate higher than 99.4% expect for cycle 1. Due to
oil layer formation and pore size reduction, the rejection increase was observed for
both membrane from cycle one to cycle 2. The water recovery of a-Al,O3 membrane
(62.4%) was higher than PVDF membrane (45.3%) at their optimal flux, so as the oil
recovery rate of the two membranes.

At optimal POME pH (pH 5), the good anti-fouling performance of the two mem-
branes differentiates. Charge inversion due to oil layer formation on a-Al,O3 mem-
brane allowed for oil layer-oil droplets repulsion that prevented further adsorption
of oil droplets onto membrane and maintained stable TMP. PVDF membrane pre-
dominantly relied on electrostatic repulsion between negatively charged membrane
and negatively charged oil droplets. A thin and loose oil layer could also formed
on PVDF membrane due to oil accumulation that enhanced oil rejection.

3) How is the effect of surfactant SDS on membrane performance (removal effi-
ciency, anti-fouling property and UF stability)?

As SDS molecule size was smaller than oil droplets, the addition of SDS in POME
lowered down separation efficiencies of #-Al,O3 and PVDF membranes to around
93% and 95%, respectively. The membrane with larger pores was more significantly
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affected. Beside, SDS was an extra fouling for both membrane, thus slightly in-
creased TMP and resistance.

For a-Al,O3 membrane, SDS had the potential of “protecting” membrane surface
by forming bi-layers SDS on membrane surface via membrane-SDS head electro-
static attraction and SDS tail-SDS-tail hydrophobic interaction. As the results of the
formation of bi-layers, charge inversion enabled SDS layer-oil droplets repulsive in-
teraction thus avoiding oil adsorption onto membrane and originally hydrophobic
x-Al,O3 membrane turn to be hydrophilic, allowing for higher membrane perme-
ability. The long-term test of a#-Al,O3 membrane proved the function of filtration
process stabilization and anti-fouling property modification in the long run. How-
ever, PVDF membrane did not show the same strength as a-Al;O3 membrane.

To obtain high quality permeate, SDS is not recommended to added in POME for
UE. #-Al,O3 membrane shown better performance than PVDF membrane in the as-
pects of lower stable TMP and better anti-fouling property. Although the number of
cycles recommended for a-Al,O3 UF was merely 11 and frequent chemical cleaning
would be needed, a#-Al,O3 is a good choice for POME treatment due to its strong
resistance to harsh chemicals.

6.2 EXPERIMENTAL SUGGESTIONS

Based on the experimental results and weaknesses, the suggestions for further re-
search are given below:

1) In order to guarantee high rejection of oil in filtration process,before starting
new cycles after chemical cleaning, the membrane is recommended to be flushed
with POME for a short while to form oil layer for 99.5% rejection rate.

2) Small flux intervals such as 5 or 3 LMH are recommended to be applied to test
x-Al,O3 membrane in 57-76LMH range and PVDF membrane in 38-57 LMH range
to determine the critic fluxes of both membrane, respectively.

3) Repeat long term test of a-Al,O3 membrane until chemical cleaning fails or
permeate quality encounters significant decrease to determine the life span of a-
Al,O3 membrane

4) Membrane autopsy and SEM test of the fouling on PVDF and a-Al,O3 mem-
branes are recommended to further analyze the morphology of fouling and deter-
mine the fouling mechanism.

5) Other types of surfactants are recommended to add in POME for the complete
study of the interactions between surfactant and membrane surface.

6) Energy consumption at different operating conditions is recommended to be
measured or calculated for further evaluation of industrial application of both mem-
branes.

6.3 ouTLoOK

1) Due to the stable operational condition of a-Al,O3 and TMP, as well as great
quality of permeate quality, both membranes could be directly implemented after
simple pre-treatment such as sieving and gravity separation that remove solids and
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oil slick, respectively. a-Al,Os3 is highly recommended due to its higher oil and
water recovery and lower TMP needed compared with PVDF membrane.

2) As POME is not toxic at all, the oil slicks in membrane concentrate can be col-
lected and sent back to palm oil extraction line for oil production, and the remaining
oil emulsion can be digested in bioreactor with smaller surface area, which enables
less pollution discharge and extra benefit from POME treatment. Although mem-
brane is still expensive, at least a-Al;O3 and PVDF membranes can promise good
effluent quality that can be discharged or reused, avoiding serious pollution that
conventional pond-digester system brings. Beside, the development of membrane
technology is expected to reduce membrane cost in the near future.






CHARACTERISTICS OF POME

A1 PHYSICO-CHEMICAL CHARACTERISTICS OF RAW POME

Table A.1: The physicochemical characteristics of POME.

Parameter Unit Value Reference
pH - 3.9-5 [Habib et al., 1997; Fang et al., 2011; Chin et al., 2013]
DO(Dissolved Oxygen) mg/L 2.57-4.69 [Ohimain et al., 2013]
EC(Electrical Conductivity) us /cm 137 [Okogbenin et al., 2014]
Total COD mg COD/L 42900- [Wood et al., 1979; Tabassum et al., 2015; Ohimain and Izah,
88250 2017]
Soluble COD mg COD/L 45000~ [Fang et al., 2011; Yoochatchaval et al., 2011]
88000
BOD mg/L é7ooo- [Wood et al., 1979; Chin et al., 2013; Tabassum et al., 2015]
5714
TS(Total Solids) mg/L 30000- [Borja et al., 1996; Chin et al., 2013; Tabassum et al., 2015]
100000
VS (Volatile solids) mg/L 24300- [Borja et al., 1996]
80000
VSS (Volatile suspended solids) mg/L 8100-28500 [Borja et al., 1996]
SS (suspended solids) mg/L 14100- [Wood et al., 1979]
50000
Alkalinity mg/L 148-536 [Fang et al., 2011; Tabassum et al., 2015]
T-protein mg/L 8830-21150 [Yoochatchaval et al., 2011]
T-sugar mg/L 15320- [Yoochatchaval et al., 2011]
26330
Oil and Grease mg/L 4000-15900 [Yoochatchaval et al., 2011]
Lipid mg/L 8400 [Fang et al., 2011]
Ethanol mmol/L 12.45 [Fang et al., 2011]
Butyric acid mmol/L 0.18 [Fang et al., 2011]
Acetic acid mmol/L 52.62 [Fang et al., 2011]
Propionic acid mmol/L 0.78 [Fang et al., 2011]
Total VFA mg/L 3300 [Fang et al., 2011]
TN(Total Nitrogen) mg/L 500-900 [Wood et al., 1979; Borja et al., 1996; Chin et al., 2013]
TKN mg/L 3200 [Fang et al., 2011]
SOy mg/L 60-66 [Borja et al., 1996; Awotoye et al., 2011]
NOs mg/L 262.26 [Awotoye et al., 2011]
k mg/L 1281-1928 [Wood et al., 1979]
Mg mg/L 254-344 [Wood et al., 1979]
Na mg/L 225-332 [Awotoye et al., 2011; Okogbenin et al., 2014]
Ca mg/L 252-605 [Wood et al., 1979; Awotoye et al., 2011; Okogbenin et al., 2014;
Ohimain and Izah, 2017]
Al mg/L 120 [Borja et al., 1996; Ohimain and Izah, 2017]
B mg/L 0.9 [Borja et al., 1996; Ohimain and Izah, 2017]
N mg/L 365-800 [Borja et al., 1996; Wood et al., 1979]
P mg/L 17-165 [Wood et al., 1979; Awotoye et al., 2011; Okogbenin et al., 2014]
Cd mg/L 0.01-0.03 [Wood et al., 1979; Ohimain et al., 2013]
Cu mg/L 0.6-2.44 [Wood et al., 1979; Ohimain et al., 2013, 2012]
Fe mg/L 6-205 [Wood et al., 1979; Borja et al., 1996; Ohimain et al., 2013]
Cr mg/L 0.05-0.43 [Wood et al., 1979]
Zn mg/L 1.2-6 [Wood et al., 1979; Borja et al., 1996]
Mo mg/L 0.1 [Borja et al., 1996]
Mn mg/L 2-34 [Wood et al., 1979; Awotoye et al., 2011]
Ni mg/L 1.2 [Borja et al., 1996; Ohimain and Izah, 2017]
Si mg/L 55 [Borja et al., 1996; Ohimain and Izah, 2017]
Ba mg/L 0.3 [Borja et al., 1996; Ohimain and Izah, 2017]
Co mg/L 0.01-0.06 [Borja et al., 1996; Wood et al., 1979]
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Table A.2: The characteristics of fatty acids — pKa, composition, structural formula, surface
tension and carbon oxygen ratio (C/O)

LCFA Type Chemical Composition pKa  Structural Formula Surface C/0 Reference
Formula (v/v%) Tension (mol/-
(mN/m) mol)
HDWVW\/\/\/
Palmitic acid  CgH3,02 22.45 4.95 ° 28.2 8 [Lai et al., 1996;
(16:0) Mancini et al.,
2015; Kim et al,
2019]
Oleic acid  CygH302 14.54 9.85 ° ! 29.6 9 [Chumpitaz et al.,
(18:1n-9) 1999; Kanicky
and Shah, 2002;
Monde et al., 2009;
Amin et al., 2010;
Mancini et al.,
2015]
HO N
Myristic acid C14Hp302 12.66 .7 \[-(\/\/\/ 27.86 7 [Burdock and
Yy 4.75
(14:0) Carabin, 2007]
e 20
Stearic acid  CigH3zs02 10.41 10.15 STEARIC ACDD Son - 9 [Zock and Katan,
(18:0) 1992; Kanicky and
Shah, 2002]
Linoleic acid  CygH302 9.53 4.77 ° ’ - 9 [Zock and Katan,
(18:2n-6) 1992; Kanicky
and Shah, 2002;
Monde et al., 2009;
Kim et al., 2019]
Linolenic CygH3002 4.72 8.28 - 9 [Kanicky and
acid (18:3n-3) Shah, 2002;
Monde et al,
2009]
H °~\ﬂ/\/\/\/\/
(Capr)ic acid  CyoHz02 4.29 4.9 ° 5.0 5 [Kim et al., 2019]
10:0
. HO PSS .
Arachidic CoHy02 3.56 - ° - 10 [Kim et al., 2019]
acid (20:0)
Ho T(\/\/\/\/\/
Lauric acid  Ci;pHp 02 3.22 5.3 ° 26.6 6 [Kim et al., 2019]
(12:0)
H’o\ﬂ/\/\/\/
Caprylic acid ~ CgH;602 2.37 4.89 0 23.7 4 [Kim et al., 2019]
(8:0)
HO AN
Pentadecanoic  Cy5H3002 2.21 4.78 W - 7.5 [Kim et al., 2019;
acid (15:0) Drouin et al,
2010]
Eicosatrienoic ~ CpypH3,02 2.04 - Jv S - 10 [Monde et al.,
acid (20:3n6) 2009]
Heptadecanoic  Cy7H3402 1.39 - T - 8.5 [Kim et al., 2019]
acid (17:0)
HOW/\/\A\/\/Tx%H\k
ﬁ)- d ) C17H3,02 1.12 - - 8.5 [Kim et al., 2019]
eptadecanoic
acid (17:1)
Ei.cgs(atetrag?oic CyoH3,02 1.12 - ° - 10 [Kim et al., 2019]
acid (20:4n
Eicosapentaenoic Cp0HzoO2 0.36 - - 9 [Kim et al., 2019;

acid (20:5n3)

Monde et al,
2009]




A1 PHYSICO-CHEMICAL CHARACTERISTICS OF RAW POME |

Table A.3: Types of dominant LCFAs in POME.

LCFA Type

Unit

Value

Reference

Linoleic acid (C18:2)
Oleic acid (C18:1)
Stearic acid (C18:0)
Palmitic acid (C16:0)
Myristic acid (C14:0)

mg/L
mg/L
mg/L
mg/L
mg/L

400
2500
400
2880
20

[Yoochatchaval et al., 2011

[Yoochatchaval et al., 2011

]
]
[Yoochatchaval et al., 2011]
[Yoochatchaval et al., 2011]

)

[Yoochatchaval et al., 2011
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A.2 GUIDELINES FOR POME TREATMENT AND WATER REUSE

Table A.4: Effluent discharge standards for crude palm oil mills(Environmental Quality Act
1974, 2005) [Rupani et al., 2010]

Parameter Unit Discharge  Stan-  Remarks
dard

BOD;30 day 30°C mg/L 100 -

COD mg/L * -

Total Solids mg/L * -

Suspended Solids mg/L 400 -

Oil and grease mg/L 50 -

Ammoniacal Nitrogen mg/L 150 Value of filtered sample
Total Nitrogen mg/L 200 Value of filtered sample
pH - 59 -

Temperature °C 45 -

Table A.5: Guidelines for wastewater reuse provided by WHO [Saleem et al.,, 2011; Azmi
et al., 2013] and discharge in Malaysia [Ahmad et al., 2003].

Parameter Unit Discharge Limit Reuse Limit
pH - 57 6-9
Turbidity NTU - -

Qil and grease mg/L 50 8.0

BOD mg/L 100 200

COD mg/L - 500

TDS mg/L - 1500

TSS mg/L 400 150

Total Nitrogen mg/L 150 70
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Figure A.1: Oil droplet size distribution of POME-SDS (Peak summary:
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Figure A.2: Variation of oil droplet size of POME-SDS at different pH ranging from 1.5 to 12.
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Figure A.3: The effect of pH on the hydrolysis of PHEPC (C = 0.05M). Each point represents
the mean of the two separate measurement. 070, -600050, M40°C.[GRIT et al,,

1993]
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Figure A.4: The variation of zeta potential (left) and particle size (right) of real POME (with-
out surfactant addition) at different pH ranging from 3 to 11.Azmi and Omar
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B.14 THE RATIO OF COD TO OIL CONCENTRATION

To convert COD value to oil concentration in POME, the theoretical ratio of COD to
palm oil weight is calculated. Like all lipids, 1 mole palm oil is composed of 1 mole
glycerol and 3 moles LCFA. Firstly, five quantitively dominant LCFAs in Table I-2
were selected as the representative compositions in POME, and tabulated in Table
II-1. Secondly, the average ratio of COD to LCFA mass was calculated by Eq.II-1
and the average molecular weight of LCFAs was calculated by Eq.II-1, based on the
molecular weight, ratio and percentage of each LCFA in Table II-1. Lastly, the ratio
of COD to oil weight was determined by Eq. II-3, based on the aforementioned
calculated values and 3:1 LCFA to glycerol ratio.

Table B.1: The ratio of COD to weight of LVFA and glycerol

Parameter Unit Glycerol Palmitic Oleic Myristic Stearic Linoleic
Acid Acid Acid Acid Acid
Percentage % - 2245 14.54 12.66 10.41 9.53
Molecular Weight ~ g/mol 92 256 282 228 284 280
COD g COD/mol 112 736 816 640 832 800
COD/Mass g COD/g substance  1.217 2.875 2.894 2.807 2.930 2.857

y MWLCFA,- X PercentagechAi

MW, = = 263.814 ! B.
LCFAwerage 2PercentageLCpAi g/mo (B.1)
Ratio - X Percentage . COD
Ratio cop = mROHOLCEA SCLCEA _ 5 8778 (B.2)
LCFAnverage ). Percentagercra, gLCFA

Ratio coo X1+ Ratio cop X MLCFAnge X3

. cero averace COD
Ratio _cop = glycero rer 8 = 27g ,
oilaverage Mgl]/cerol x 14 MLCFAaverage x 3 gOil

(B-3)

B.2 THE RATIO OF COD TO SDS CONCENTRATION

Based on the prepared SDS solutions with certain concentrations and the corre-
sponding COD values measured by Hach kits, the relation was plotted in Figure
B1 below. The two parameters shows liner relation, which can be explained by
Equation B1 below as well, with R2 value of 0.9985.

sps = 2.0199 x COHC.SDS + 64 (B.4)
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COD vs. SDS Concentration
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B.3 THE RELATION BETWEEN PALM OIL CONCENTRATION
AND PEAK HEIGHT IN ABSORBANCE SPECTROSCOPY

Table B.2: The relation between palm oil concentration and peak height in absorbance spec-

troscopy
CODpomE 10983 2600.7  1214.7 627.7 232.3 119.0 50.8 30.7 20.2 15.6
Wavelength ok 292.5 296.5 296.0 296.0 204.0 293.5 203.5 293.5 203.5 293.5
AbS ek 3.7 2.3 17 1.1 0.5 0.3 0.2 0.1 o o
SDcOD 279.0 24.9 7.6 4.6 1.2 0.8 1.1 1.6 1.3 0.8

Abs vs. COD of POME (COD range: 15.6-10983mg/L)
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ADDITIONAL UF INFORMATION

C1 SETUP SETTING IN PERMEABILITY TEST

Table C.1: Operation conditions of valves and pumps in the phases of permeability test.(”+":
open/turned on, ”-”: closed/turned off)

No. Phase Valve1 Valve2  Valve3 Valvegq Valves5  Feed Pump Circulation Pump
1 Forward Flush - + + + - -
2 Filtration - + - - + +

C2 «-ALp03 MEMBRANE UF OF POME AT LOW CFV AND
PERMEATE FLUX

TMP vs.Time at 14LMH (Ceramic,POME,CFV=0.43m/s)

Cyclel Cycle 2 Cycle 3 14LMH

TMP [bar]

00 ’MW&W /M M S

0.0 25 50 75 100 125 150 00 25 50 75 100 125 150 00 25 50 15 00 125 150
Time [min]

Figure C.1: Three cycles of POME &-Al,O3 membrane filtration at 14LMH (CFV=0.43m/s)

1o et Resistance at 14LMH (Ceramic,POME,CFV=0.43m/s)

. Rir

Resistance (m-1)

02 -

Number of Cycle (-)

Figure C.2: Resistance of #-AlO3 membrane treating POME at 14LMH (CFV=0.43m/s)
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D.1 EFFECT OF SDS ON PVDF MEMBRANE PERFORMANCE
AT DIFFERENT PH

TMP vs.Time at pH 2,4,5&7 (PVDF Membrane, POME-SDS)

Cycle 1 Cycle 2 Cycle 3 PH 2

175 pH 4
pH7

150 pH 5

TMP [bar]

(AL e 11

RN

| ]
0.0 25 50 5 100 125 150 00 25 5.0 75 100 125 15.0 00 25 5.0 75 100 125 150
Time [min]

Figure D.1: Three cycles of POME-SDS PVDF membrane filtration at pH 2,4,5 and 7 (CFV =
0.43m/s,Permeate Flux = 28LMH).

10 e Resistance (PVDF, POME-SDS)

Cycle 1 Cycle 2 Cycle 3
Rir

DBI I . Rr

Resistance (m-1)

00

2 4 5 7 2 5 7 2 4 5 7

4

PH ()

Figure D.2: Rr and Rir variation of PVDF membrane when treating POME with SDS at pH
2, 4,5 & 7 (CFV = 0.78m/s, Permeate Flux =38 LMH).

In comparison of Figure 5.9 and D.1 for PVDF membrane, the effect of pH on
UF of POME-SDS shown the same trend as of POME without SDS except for PVDF
filtration at pH 4.

This section studied the effect of pH on POME-SDS UF and compared it with
POME UF at the same conditions. Observing TMP variation of Figure 5.9 and
D.1, except for pH 4, the addition of SDS did not change the distinction of TMP
variation below and above IEPpypr. Like negatively charged oil droplets in POME,
SDS molecules and oil droplets with SDS surrounded (both negatively charged) in
POME-SDS were rejected by membrane above IEPpypr and adsorbed below that,
via electrostatic repulsion and attraction, respectively.

However, the addition of SDS could magnify the effect of pH on UF performance
and increased membrane resistance owing to the extra fouling source. When pH
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decreased from 5 to 2, membrane resistance (Rir+Rr) of POME-SDS filtration in-
creased from 3.38x107 to 7.54x10” m~! (1.23 times increment) in the third cycle,
while without SDS addition, it increased from 2.8x107 to 5.0x10” m~! (0.78 times
increment).

With regards to pH 4, SDS addition significantly improved membrane’s anti-
fouling property - stabilizing TMP and avoiding sharp TMP increase. The increase
of negative charge on oil droplets caused by SDS addition enhanced electrostatic
repulsion between membrane and oil droplets. Zeta potential of raw POME (-19
-15mV [Lek et al., 2018; Zahrim et al., 2014]) and that of POME-SDS (-5omV, tested
in this project) were the evidence for charge variation of oil droplets.

D.2 EFFECT OF SDS ON &-ALpO3 MEMBRANE PERFOR-
MANCE AT DIFFERENT PH

TMP vs.Time at pH 5,7&10 (Ceramic Membrane, POME-SDS)

Cycle 1 Cycle 2 Cycle 3

pH 10
pH7
— pH5

TMP [bar]

0.0 25 50 75 100 125 150 00 25 50 15 100 125 150 00 25 50 15 100 125 150
Time [min]

Figure D.3: Three cycles of POME-SDS a-Al,O3 membrane filtration at pH 5, 7and 10 (CFV
= 0.43m/s,Permeate Flux = 28LMH).
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Figure D.4: Rr and Rir variation of a-AlO3 membrane when treating POME with SDS at pH

5,7 and 10 (CFV = 0.43m/s, Permeate Flux = 28 LMH).

In comparison of Figure 5.9 and D.1 for PVDF membrane, as well as of Figure,
5.19 and D.4 for a-Al,O3 membrane, the effect of pH on UF of POME-SDS shown
the same trend as of POME without SDS except for PVDF filtration at pH 4. Thus
SDS addition didn’t change pH effect on POME filtration performance. The rea-
son of the similarity of a-Al;O3 membrane was, the 2-layer SDS and oil layer were
formed at the same pH (pH 5 and 7) for #-Al,O3 membrane, respectively, transform-
ing electrostatic attraction to repulsion and increasing anti-fouling capability. While
at pH 10, with SDS getting concentrated in the feed side in UF process and the con-
tinuous flushing of feed, one layer of SDS could be loosely formed close to mem-
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brane with hydrophobic tail towards feed solution as Figure ??, which weakened
membrane hydrophilicity thus water permeability was reduced and more fouling
formed. In this process the one layer SDS not only didn’t modify a-Al;O3 mem-
brane as the neatly arranged doulbe layers, but negatively affect the membrane
property. Resistance variation along pH range also shown the same conclusion,
that was, the resistance of #-Al,O3 membrane increased more dramatically with the
addition of SDS. As pH increased from 5 to 10, membrane resistance (Rir+Rr) of
POME-SDS filtration increased from 0.39x 108 to 2.968 m~! (6.6 times increment) in
the third cycle, while for POME filtration, it increased from 0.297x10” to 1.97x10”
m~! (5.6 times increment).
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