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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment
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November 2014

Chair: Professor Lugman Chuah Abdullah, PhD
Faculty: Engineering

Removal of emulsified oil in palm oil mill effluent (POME) is a challenge to palm oil
industries. The aim of the present study was to develop a hydrophobic oil sorbent by
incorporating fatty acid derivatives, namely stearic acid, on sago bark (SB) network via
esterification process. The effect of esterification parameters such as the SB to stearic acid
(SA) ratio (SB:SA), the amount of catalyst and the refluxing time on the oil removal
efficiency of ESB and the optimization study were conducted via surface response
methodology (RSM). The oil removal efficiency of SB and ESB in POME was also
studied at different adsorption conditions in batch experiments. Artificial neural network
(ANN) modelling was applied to model the column oil adsorption process.

Chemical modification of SB has been successfully carried out via esterification with SA
to afford ESB, the oil sorbent of high hydrophobicity and high oil removal efficiency. The
esterification has successfully increased the hydrophobicity of SB by 42.2% and the oil
removal efficiency in POME by 50.2%. The ESB produced at the optimum operating
condition of SB:SA 1:1, 15% catalyst, and 8 h refluxing time gave the highest oil removal
efficiency in POME (95.52%). The two most dominant influencing factors for ESB
preparation were SB:SA and refluxing time.

The batch oil adsorption study showed that the ESB exhibits better oil removal efficiency
compared to SB in all studied conditions, namely adsorbent dosage, contact time,
temperature and pH. Overall, the oil removal efficiency of both SB and ESB increased
with increasing sorbent dosage and contact time. On the other hand, the oil removal
efficiency of both SB and ESB decreased with the increasing temperature. Acidic pH was
favorable pH condition for high oil removal efficiency. Overall, results showed a good
correlation (R? > 9.5) between experimental data and the intra-particle diffusion model for
both SB and ESB. Results also showed that adsorption of oil in POME using SB was best
described by Freundlich isotherm (R?=0.998), indicating heterolayer adsorption of oil on
SB. The adsorption of oil in POME using ESB was better represented using Langmuir
isotherm (R?=0.992), indicating a monolayer adsorption of oil onto the ESB surface.



It is also evident from the study that ESB afforded good oil removal efficiency in deep
bed filtration system. The ANN data showed that SB and ESB were found to remove oil
from POME up to 59.12% and 89.79%, respectively in column system. The data means
that after deep bed filtration of typical POME with initial oil concentration of 4000 mg/I
using ESB, the treated POME is estimated to have 409 mg/I oil and grease content. ANN
model was found to fit well with the experimental data with R? > 0.95 for both training
and testing data of SB and ESB. ANN study also indicated that all studied parameters are
effective parameters in the sequence of temperature (30.09%) > pH (26.8%) > bed height
(26.73% > flow rate (16.38%). The result revealed that the Thomas model and Yoon &
Nelson model did not represented the experimental data very well. On the other hand, the
column oil adsorption from POME using ESB can be excellently described by the intra-
particle diffusion model. A multi-linearity plot of intra-particle diffusion model indicated
the occurrence of three stages of adsorption during the experiment. Good oil removal
efficiency and environmental friendliness make ESB a viable choice for use as bed
material of a deep bed filter system for emulsified oil removal from POME. The
importance of these research findings to advance the emulsified oil removal technology
will hopefully find good use in the oil processing industry. The findings of this research
will provide new insights to the emulsified oil removal technology.
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Penyingkiran minyak teremulsi dalam efluen kilang sawit (POME) adalah satu proses
yang mencabar. Tujuan kajian ini adalah untuk menghasilkan penjerap minyak yang
hidrofobik dengan menggabungkan derivatif asid lemak iaitu asid stearik, melalui proses
pengesteran. Kesan parameter pengesteran iaitu nisbah SB kepada asid stearik (SA)
(SB:SA), jumlah pemangkin dan tempoh refluks terhadap kecekapan penyingkiran
minyak, serta pengoptimuman parameter pengesteran telah dijalankan menggunakan
kaedah tindak balas permukaan (RSM). Kecekapan penyingkiran minyak oleh SB dan
ESB di dalam POME juga dikaji pada keadaan penyerapan yang berbeza dalam
eksperimen kumpulan. Model rangkaian neural buatan (ANN) telah digunakan untuk
permodelan proses penjerapan minyak.

Pengubahsuaian kimia secara esterifikasi telah berjaya meningkatkan sifat-sifat
penyingkiran minyak SB. ESB mempunyai hidrofobisiti sebanyak 42.2 % lebih tinggi
berbanding dengan SB, dan kecekapan penyingkiran minyak di dalam POME adalah 50.2
% lebih tinggi daripada SB. ESB yang dihasilkan pada keadaan operasi SB:SA 1:1, 15%
pemangkin , dan 8 jam tempoh refluks memberikan kecekapan penyingkiran minyak di
dalam POME vyang tertinggi (95.52%). Dua faktor yang paling dominan yang
mempengaruhi penyediaan ESB adalah SB:SA dan tempoh refluks. Pencirian fizikokimia
ke atas penjerap menunjukkan bahawa ESB mempunyai hidrofobisiti, keapungan,
morfologi permukaan dan isipadu liang yang lebih baik berbanding SB.

Kajian penyerapan minyak berkumpulan menunjukkan bahawa ESB memberikan
kecekapan penyingkiran minyak yang lebih baik berbanding SB di dalam semua keadaan
yang dikaji iaitu dos penjerap, masa penjerapan, suhu dan pH. Umumnya, kecekapan
penyingkiran minyak oleh SB dan ESB meningkat apabila dos penjerap dan masa
penjerapan meningkat. Namun demikian, kecekapan penyingkiran minyak menurun
apabila suhu meningkat. pH berasid adalah lebih baik untuk kecekapan penyingkiran
minyak yang tinggi. Secara keseluruhan, keputusan menunjukkan korelasi yang baik (R?
> 9.5) di antara data eksperimen dengan model difusi intra-zarah untuk SB dan ESB.



Keputusan juga menunjukkan bahawa penjerapan minyak dari POME menggunakan SB
dapat diwakili oleh isotherm Freundlich (R?=0.998) yang menunjukkan penjerapan
minyak secara berlapis-lapis pada SB. Penjerapan minyak oleh ESB dapat diwakili oleh
isotherm Langmuir (R?=0.992) yang mewakili penjerapan satu lapisan ke atas permukaan
ESB.

Kajian ini juga membuktikan bahawa ESB mempunyai kecekapan penyingkiran minyak
yang baik di dalam sistem penapisan. Data ANN menunjukkan bahawa SB dan ESB
masing-masing didapati menyingkirkan minyak dari POME sehingga 59.12 % dan 89.79
%. Ini menunjukkan bahawa, setelah POME yang mempunyai kepekatan minyak
sebanyak 4000 mg/L melalui penapisan menggunakan ESB, POME vyang terawatt
dijangka mempunyai kepekatan minyak sebanyak 409 mg/L. Model ANN juga didapati
sepadan dengan data eksperimen dengan R%> 0.95 bagi kedua-dua data latihan dan data
ujian untuk SB dan ESB. Kajian ANN menunjukkan bahawa semua parameter yang dikaji
adalah berkesan mengikut turutan: suhu (30.09%) > pH (26.8%) > ketinggian lapisan
(26.73%) > kadar aliran (16.38%). Keputusan menunjukkan bahawa data eksperimen
tidak diwakili dnegan baik oleh model Thomas dan model Yoon & Nelson. Sebaliknya,
penjerapan minyak secara kolum dapat diwakili dengan baik oleh model difusi intra-zarah.
Beberapa plot linear pada model difusi ini menunjukkan bahawa penjerapan secara kolum
berlaku dalam tiga langkah. Kesimpulannya, kecekapan penyingkiran minyak yang baik
dan sifat mesra alam ESB menjadikannya pilihan yang sesuai sebagai bahan penapis
dalam sistem penapisan POME untuk penyingkiran minyak. Adalah diharapkan bahawa
penemuan kajian ini memberi sumbangan yang penting bagi memajukan teknologi
penyingkiran minyak teremulsi teknologi penyingkiran minyak. Hasil kajian ini akan
memberi maklumat baru untuk teknologi penyingkiran minyak teremulsi.
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CHAPTER 1
INTRODUCTION
1.1 Background of study

Oily wastewater is becoming one of the environmental concerns nowadays. The
seriousness of oil pollution problem comes in sync with the expansion of oil
exploration and production activities, as well as industrial growth around the world.
For instance, annual worldwide use of petroleum-based products and vegetables oils
are approximated to exceed 100 and 92 million tonnes, respectively (USDA, 2012;
Abdullah et al., 2010). It is estimated that between 2000 and 2011 alone, 224,000
tonnes of petroleum oil polluted the worldwide marine due to oil tanker spill (ITOPF,
2011).

Oil in wastewater can be found in various forms such as fats, lubricants, cutting oils,
heavy hydrocarbons, and light hydrocarbons (Srinivasan and Viraraghavan, 2008).
These oils can be further divided into two categories, namely free and emulsified oils.
The free oil fraction of the wastewater is easier to treat by physical techniques such as
gravity separation and skimming (Arandelovic et al., 2009; Ahmad et al., 2006). In
contrast, emulsions or the oil droplets dispersed in water phase, are more difficult to
treat due to their high stability in aqueous phase (Angelova et al., 2011; Annunciado
etal., 2005).

Oily wastewater originates from various sources such as the food, vegetable oil, metal,
textile and leather industries, oil and gas production, domestic sewage, kitchens, and
vehicles (Santander et al., 2002). Environmental contamination occurs during oil and
gas production as oil is transferred to the environment by transportation, refining, and
use of oil (Ibrahim et al., 2010; Banerjee et al., 2006). It is estimated that the total
annual oil pollution through transportation of petroleum hydrocarbons alone could
reach up to 10 million metric tonnes (Banerjee et al., 2006). Meanwhile, oily
wastewater concentration generated by industrial activities could reach as high as
40,000 mg/I (Arcadio and Gregoria, 2003). Oil is usually removed from wastewater
prior to discharge to the environment to meet the maximum allowable limit of oil and
grease in water as required by local enforcing agency. However, oily wastewater from
kitchens and small enterprises is commonly discharged without any prior treatment
and hard to control.

Unlike other water contaminants, not all countries have set maximum allowable limit
for oil and grease in water. For example, the maximum limit for oil and grease in
drinking water is not mentioned in World Health Organisation (WHQ) drinking water
guidelines (2011) (WHO, 2011) and European Communities (Drinking Water) (No. 2)
Regulations 2007 (European Communities (Drinking Water) (No. 2) Regulations,
2007). The United States Environmental Protection Agency (USEPA) limits oil and
grease content in drinking water to 0.3 mg/l (Ahmad et al., 2006). In Malaysia, the
maximum allowable limit set by the Department of Environment for oil and grease in
water is 50 mg/I.

One of the main sources of industrial oily wastewater in Malaysia is the palm oil mill
effluent (POME). POME is generated at significant level as a by-product during palm
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oil processing. It was recorded that in year 2008 alone, at least 44 million tonnes of
POME was generated in Malaysia (Wu et al., 2010). The oil concentration in POME
ranges between 4000-8000 mg/l (Ngarmkam et al., 2011; Ahmad et al., 2006).

Most palm oil mills use ponding system to treat POME as it is more convenient and
has low operating cost. However, ponding system requires long treatment time and
large area to treat POME (Wau et al., 2010). Besides, the Malaysian Department of
Environment (DOE) has set 50mg/| as the maximum allowable limit for oil and grease
content in effluent to be discharged in waterways. With oil and grease content of 4000-
8000 mg/l in POME, sometimes the ponding system fails to produce treated effluent
that meets the DOE standard (Chin et al., 1996). Thus, it is crucial for the palm oil
industries to adapt an efficient treatment for oil removal.

In view of industrial oily wastewater like POME, many technologies have been
suggested for oil removal from water. For example, treatment of oily wastewater by
micro and ultrafiltration often give the highest oil removal efficiency compared to
other methods. However, they are not suitable for treating wastewater with high solid
content due to risk of premature membrane fouling, and require high initial and
operating cost (Yi et al., 2011; Wu et al., 2007). Other treatments like coagulation,
flotation and biological treatment are either expensive, has complex operation or
required highly skilled operators. Among all oil removal technologies, adsorption is
the most preferred method due to its feasibility and effectiveness, provided appropriate
sorbent is used. Natural fibres are potential source of natural sorbent for removal of oil
from POME.

Raw natural sorbents generally has excellent adsorption capacity, comparable density
with synthetic sorbent, chemical free and highly biodegradable (Wang et al., 2012;
Rajakovi¢-Ognjanovic et al., 2008; Annunciado et al., 2005). Numerous natural fibers
have been used as oil sorbent such as rice husk (Ali et al., 2012), kapok (Abdullah et
al., 2010), barley straw (lbrahim et al., 2010), sugarcane baggase (Said et al., 2009),
sawdust (Cambiella et al., 2006) and grass (Suni et al., 2004). These natural sorbents
comprise of cellulose and lignin, which is known responsible for the oil adsorption
(Quek et al., 1998).

Despite their advantages, many natural fibers suffer low hydrophobicity and buoyancy,
and therefore only suitable for oil removal in the absence of water (Ali et al., 2012). In
response, many studies have been conducted on methods to improve the
hydrophobicity of natural fibers. For instance, hydrophobization was conducted by
means of alkalization (Abdullah et al., 2010), chloroform treatment (Likon et al.,
2012; Abdullah et al., 2010), acetylation (Ren et al., 2007; Adebajo and Frost, 2004),
salt treatment (Wang et al., 2012), surfactant treatment (Ibrahim et al., 2010; Ibrahim
et al., 2009), combination of chemical-biotechnological treatment (Garcia-Ubasart et
al., 2012) and esterification (Said et al., 2009; Banerjee et al., 2006).

Sago, known scientifically as Metroxylon sagu Rottboll comes from genus metroxylon
and family palmae (Singhal et al., 2008). Sago palm is commonly found in tropical
lowland forest and freshwater swamps. In 2009, nearly 59,000 hectares land of
Sarawak is planted with sago (Department of Agriculture Sarawak, 2009a). Sarawak
is currently one of the world largest exporters of sago products, with approximately



43,000 tonnes sago starch exported to several countries annually (Department of
Agriculture Sarawak, 2009b; Department of Agriculture Sarawak, 2009c).

During sago processing, vast amount of solid and liquid waste are generated — most
are left unutilized or improperly disposed off. For every tonne of sago flour produced,
about 0.75 tonnes of sago bark (SB) are generated (Vikineswary et al., 1994). Thus,
SB is a potential source of natural fiber for oil removal with estimated generation of
SB in Sarawak of more than 32,000 tonnes/yr (Appendix A).

Current practice in managing the overabundant SB could cause a serious threat to the
environment. Only less than 5% of the bark is used as fuel in sago processing mill due
to the corrosion problem caused by SB (Chew et aal., 1999). Eliminating the SB through
open and controlled burning, could either cause air pollution or furnace chimney
corrosion. Because of its woody nature, SB degrades slowly. Dumping SB into nearby
rivers is unacceptable as it could cause the rivers to become shallow. On the other
hand, leaving tonnes of SB to naturally degrade consumes space and time, and could
cause unpleasant odour and view. With regards to the above-mentioned problem, there
is an urgent need to find ways to systematically utilize SB.

Like other natural sorbents, SB comprises of cellulose and lignin, which is known
responsible for oil adsorption (Quek et al., 1998; Said et al., 2009; Singhal et al., 2008).
Previous study by (Noh et al., 2012) showed that SB posses good oil adsorption
capacity on engine oil, which ranges from 3.2-3.3 g oil/g SB at 40 min treatment in
dry, wet (static) and wet (dynamic) systems. At the same time, it was observed that the
SB has tendency to sink upon prolonged stay in water. Moreover, the water uptake is
considerably high (3.3 g water/g SB), suggesting that SB is only suitable for removal
of oil in dry system. Thus, in this study, hydrophobization of SB through chemical
treatment was suggested to overcome the problem of poor buoyancy and high water
uptake in SB.

Based on the literature precedent and preliminary findings, it was envisaged that
chemical modification of SB via esterification with fatty acid derivatives has the
capability to remove of oil from wastewater (Said et al., 2009; Banerjee et al., 2006).
POME was selected as a case study of wastewater containing oil. Effect of various
experimental conditions such as sorbent dosage, contact time and initial concentration
on oil removal efficiency from POME was also investigated. Finally, model study was
conducted by applying Artificial Neural Network (ANN) on the column oil adsorption
data.

1.2 Problem statement and justification of study

Many technologies have been suggested for oil removal from POME, such as ponding
system, micro and ultrafiltration, coagulation, flotation and biological treatment.
However, the technologies are either inefficient, time consuming, expensive, complex
in operation or required highly skilled operators. Adsorption is the most preferred
method over the previously mentioned technologies due to its feasibility and
effectiveness, provided an appropriate sorbent is used. Utilizing the locally abundant
agricultural waste such as SB seems to be a potential alternative to obtain a low cost
sorbent for oil removal from POME. However, previous study reveals that like many

3



other natural oil sorbent, raw SB has significant water uptake capacity and therefore is
not suitable for oil removal in aqueous environment.

Previous studies by Said et al. (2009) and Banerjee et al. (2006) on the esterification
of biomass for oil removal used a different types of biomass, esterification procedure,
catalyst and solvent. The oil adsorption tests were conducted using different type of
oil. The previous study by Said et al. (2009) was performed on the raw bagasse and
pulp, whereby these materials were mixed with stearic acid, basic compounds, and
water at room temperature for 2 h. Oil adsorption test was conducted using motor oil.
However, the limitation of adsorbent produced from this study is that, the stearic acid
was only grafted onto the adsorbent surface, not incorporated. Thus, there is a tendency
of leaching of stearic acid from the adsorbent produced. Meanwhile, in previous study
by Banerjee et al. (2006) the biomass used was sawdust. Esterification of sawdust was
conducted using various fatty acid/vegetable oil in n-hexane, H.SO4 at 65 °C. The
esterification process has increased the oil adsorption capacity of esterified sawdust on
crude oil. However, the problem with usage of sulphuric acid as a catalyst is the
possibility of corrosion caused by the adsorbent produced. In this study, a different
approach was used to perform esterification of a different type of biomass, which is
SB. SB was esterified using stearic acid, calcium oxide and ethy acetate, and refluxed
at 1-8 h (boiling point of ethyl acetate is 77 °C). The efficiency of ESB for oil removal
was tested using POME. Thus, the present study provides data on the potential
application of esterification process to improve the oil adsorption properties of SB in
aqueous environment studied, such as POME.

1.3 Research objectives

Based on the earlier stated problems, the overall aim of the present study was to
evaluate at laboratory scale, the oil adsorption behaviour of SB and esterified SB
(ESB) in POME. The specific objectives are:
1. todevelop a hydrophobic oil sorbent by incorporating fatty acid derivatives on
sago network via esterification using a new approach.
2. to optimize the esterification parameters via response surface methodology
(RSM) study.
3. to determine the oil removal efficiency of SB and ESB in POME at different
adsorption condition in batch system.
4. toapply artificial neural network (ANN) to model the column oil removal from
POME by SB and ESB.

1.4 Scope of work

The target of this study was to investigate several aspects of oil removal from POME
using SB and ESB in order to better understand the factors that limit the preparation
of ESB and oil adsorption using ESB. The study was conducted within the following
scope of work:

First, in this study, esterification process was conducted at lab scale using RSM
experimental design, whereby each experimental run has a unique combination of
esterification parameters. The RSM approach is in contrast with conventional one-
variable-at-a-time (OVAT) experiments, whereby only one parameter is studied in an
experimental run with other parameters kept constant. Therefore, this fact must be
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taken into consideration during interpretation of results. Second, the batch adsorption
experiments were conducted at lab scale using ESB with only one size range, which is
0.5 to 1.5 mm. Therefore, no study was conducted on the effect of different ESB size
range on the oil adsorption from POME. Third, the column adsorption experiments
were conducted at lab scale using ANN experimental design, whereby like RSM, it
has a unique combination of oil adsorption parameters in an experimental run.
Therefore, while studying the effect of column bed height, POME flow rate, POME
temperature and POME pH on adsorption at different value for each of the
experimental run, it is important to keep one factor constant. In this study, the volume
of POME was kept constant for the sake of using ANN.

1.5 Thesis structure and content

The present thesis consists of six chapters. Chapter 1 provides brief information on the
need for an efficient and simple technology for oil removal from POME. Chapter 2
covers the exhaustive review on previous work related to oil removal in water. Chapter
3 describes the modification of SB to yield hydrophobic oil sorbent, ESB via
esterification. Chapter 4 presents the removal of emulsified oil from POME at various
operating condition in batch adsorption study. Chapter 5 explores the continuous
column adsorption study and the application of artificial neural network (ANN) to
model the emulsified oil removal process using SB and ESB. Chapter 6 is the
conclusions and highlights the most significant results achieved and suggestions for
future work.
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