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ABSTRACT

COUPLING MAGNETITE NANOPARTICLES WITH
SORBENT MATERIAL(S) FOR OLIVE MILL
WASTEWATER REMEDIATION

By
Jehad Walid Abdelnabi

The generated olive mill wastewater (OMW) from olive milling industry is considered as a
source of critical environmental problem in the Mediterranean region, due to its high load of
harmful organic compounds such as phenol and its derivatives. They can contaminate ground
water resources upon improper disposal methods and harm the human and animal’s health
upon direct exposure. The management of OMW represents a critical environmental problem,
where huge quantities are generated annually in very short period (October to December)
making its storage impossible in small mills. A reliable OMW remediation approach that
congregates public needs in a cost effective manner is an essential need particularly for Jordan,
in which it challenges a crucial problem related to the water resources and environmental
quality. In this study, two types of sorbent materials were used for decontamination of OMW,
these are volcanic tuff (VT) and granular activated carbon (GAC). VT was activated through
calcination alone, acid impregnation followed by calcination and base impregnation followed
by calcination. VT samples were characterized by scanning electron microscopy (SEM), X-
ray diffraction pattern (XRD), X-ray fluorescence (XRF) and point of zero charge (pHpzc).
The surface area was obtained by Brunauer-Emmett-Teller (BET) isotherm. GAC was
subjected to chemical oxidation and reduction. Then untreated, oxidized and reduced samples
were characterized for pHpzc. Magnetite nanoparticles were prepared by coprecipitation
method then characterized by transmission electron microscopy (TEM), XRD, pHpzc,
magnetization test, dynamic light scattering (DLS) and zeta potential. Each treated and
untreated sorbent material i.e. VT or GAC was coupled with magnetite nanoparticles through
three different scenarios (mixing, layering and nanocomposites) and tested their chemical
oxygen demand (COD) and total phenolic content (TPC) removal efficiencies through batch
and column approaches. OMW was pretreated with coagulation/flocculation/sedimentation
processes before it was subjected to sorbent media, to remove the suspended solids. The
results obtained from this study revealed that the VT activated by acid impregnation for 48 hr
followed by calcination and coupled with 0.5% by weight of magnetite nanoparticles was the
best adsorbent for COD with maximum removal of 76% after 24 hr for pretreated OMW at
pH 8. On the other hand, VT activated by calcination alone and coupled with 0.5% by weight
of magnetite nanoparticles was the best adsorbent for TPC with 73% removal after 48 hr for
pretreated OMW at pH 10. On the other hand, the removal efficiency of reduced GAC
attained highest COD and TPC removal efficiencies of 88% and 82%, respectively after 24
hr for pretreated OMW at pH 5.3.

XVI



Chapter One: Introduction

1.1 Olive Mill Wastewater

Olives are considered one of the most cultivated crops in the world (FAOSTAT database,
January 18, 2019). These evergreen blessed trees are the major contributor for economics, heritage
and environment throughout the Mediterranean region, which remains the highest provider of the total
surface area for olive trees production (Blatchly et al., 2017). More than 850 million productive olive
trees are planted worldwide on a surface area of about 1.1x 10 ® Dunums in 2017 (FAOSTAT
database, January 18, 2019). It is estimated that each olive tree produces between 15 - 45 kg olives
per year (Paraskeva et al., 2006 and Souilem et al., 2017). The annual production of black and green
table olives worldwide is 20.8 million tons (FAOSTAT database, January 18, 2019). However, olive
milling process produce in addition to olive oil a liquid waste known as olive mill wastewater (OMW)

(Niaounakis et al., 2006).

OMW is generated during olive oil production, specifically from the water used for olives
washing, vegetation water and the water added to assist centrifugation. OMW is characterized by its
dark color as shown in Figure 1, undesirable smell, acidic pH value between 3 and 6, high capacity of
suspended solids, organic compounds (polyphenols), and high percent of inorganic compounds (e.g.
potassium salts and phosphates). So it is considered as an environmental problem as its pollution load
is very high (Niaounakis et al., 2006; Gharaibeh et al., 2008; Ruiz-Méndez et al., 2012; Aly et al., 2014,

and Speltini et al., 2016).
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Figure 1: Jordanian olive mill wastewater that was used in this study

1.2 Olive Oil Production

1.2.1 History of Olive Oil Production
The production of olive oil in ancient times, as today, comprised three essential steps:

crushing, pressing and oil /water separation processes (Niaounakis et al., 2006).

1.2.1.1 Crushing

In antiquity, olives have been crushed by large pestles or just processed under the foot
in the beginnings. A great development in the production technologies has occurred upon
invention of trapetum round crushing basin that presented in Figure 2. Trapetum was
designated based on rotational motion that allows the use of animal power (Drachmann,

1932 and Niaounakis et al., 2000).

1.2.1.2 Pressing

Simple combination comprising a sloping crushing base coupled with a lower
collecting tank was the first device used to join olives crushing and pressing processes
(Hadjisavvas et al., 1992). After that, in the Iron Age, a huge advancement in olive pressing
techniques was attributed to the invention of lever and weights press shown in Figure 2.
The ability of lever and weights press to perform its work lies in the presence of an elongated
woody lever that is immovable in one end while the other might be dragged down to apply

compression on a sack of olive paste (Hadjisavvas et al., 1992). After a sequence of

2



developments in the pressing process, the screw presented in Figure 2 was introduced to

lever press, which consequently increased its strength (Hadjisavvas et al., 1992).

1.2.1.3 Oil/Water Separation

Water was obligatory in oil production system. Initially, water was used to wash olives
before crushing. After the first press, boiling water was added on the sack of olive paste, to
extract any residual oil stuck on them or on the press surface. Moreover, the press surface
was washed with boiling water before and after each pressing process to remove timeworn

stagnant oil that may affect the taste of new oil to be depraved (Niaounakis et al., 2006).

Oil/water separation had been accomplished via different procedures that based on
gravity force. The humblest procedure was the scanning of the oily floated layer manually.
While withdrawing water over a controllable dump after settling period assumed to be more
challenging procedure (Hadjisavvas et al., 1992). Figure 2 shows a graphical representation

of the sequence steps of oil production in antiquity.

Until the middle of the 18" century, the processing of olives was founded on such
simple technologies used in ancient times. The contemporary golden period of olive oil
initiated in 1750s. Many factors led to increase the price of olive oil due to its demand
increase especially in food and industry, which involved lubrication, illumination and
synthesis of soap. The quantity and the quality was also a main concern of olive oil

manufacturers and traders (Niaounakis et al., 2006).
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Figure 2: Steps of olive oil production in antiquity

1.2.2 Modern Olive Oil Production Techniques

In modern olive mills, the process of manufacturing olive oil can be comprehended
as: a production of homogeneous paste that includes leaves and feed eliminating, olives
washing, crushing and mixing, followed by Oil / water separation process as presented in

Figure 3 (Niaounakis et al., 2006).
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Figure 3: Schematic diagram for olives milling process in modern olive mills

Olives are placed in a large hopper connected to a movable belt as shown in Figure 4.
In this step leaves and twigs that could damage machines and introduce an acrid flavour to
the oil are removed. This task is achieved by a machine that remove the olive leaves
automatically via fans. Olives then are sprayed with water to wash any foreign substance

attached to olives such as soil and dust (Kapellakis et al., 2008).

Subsequently, the washed olives are entered crusher in order to permit the oil escape
from the vacuoles by ripping the flesh cells. Accordingly, larger oil drops can be formed
and separated from other phases. Olives crushing unit presented in Figure 4 is a steel
cylinder, comprising hammers fixed on a rotor that revolved at a high speed as olives are
fed into the hopper. Olive is compressed by the hammer shafts and is thereby pulled apart
and flushed out through a controllable size holes in the cylinder (TDC-OLIVE project,

2004).

Mixing process is essential to increase the size of oil droplet in the produced olive
paste. It has been proved that mixing for about 1 hr at 30-35°C are the optimun conditions
to increase the production yield of oil and to decrease its phenolic content. Olive mills
required two or three mixing units (Figure 4) built-in with an external chamber that

desinated to circulate heated water (TDC-OLIVE project, 2004).



The second stage that is oil purification and extraction can be run via different
methods such as: pressing, electrophoresis, chemical separation and percolation which are
scarcely used nowadays. On the other hand, centrifugation either two-phase or three-phase

are abundantly used methods in recent olive mills (Niaounakis et al., 2006).

Centrifugation principle for oil/ water extraction started nearly in 1890s. Decanters
(Figure 4) which are centrifugal separators aligned horizontally are used for this purpose.
In this method different phases are separated by the power of centrifugation, which led to
separate OMW, oil and olive cake according to their specific densities. Two modes of
centrifugation are utilized in olive mills; two phase and three phase, which operate with
similar decanters with higher rotational speed and higher inner diameter of the two phase
rotor. Moreover, in two phase process there is no need to add boiling water to achieve better
extraction (TDC-OLIVE project, 2004 and Niaounakis et al., 2006). Table 1 summarizes

the differences between two phase and three phase extraction processes.
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Figure 4: Production of olive oil steps in modern olive mills (Abuatheih factory)



Table 1: Differences between two phase and three phase extraction processes

Characteristic Three phase Two phase Reference
Amount of added ) . (Alburquerque
0.7-1.4 m3/ton olives 0.1-0.12 m*/ton olives
water et al., 2004)
Amount of produced ) ) (Alburquerque
1-1.6 m*/ton olives 0.2 m*/ton olives
wastewater et al., 2004)
) (Niaounakis et
Temperature High temperature Low temperature
al., 2006)
1- Solid byproduct o
. A semi solid byproduct . .
known as olive cake. ) (Niaounakis et
Types of wastes . known as Thick Paste
2- Liquid byproduct Olive Mill W al., 2006)
known as OMW. tve Mill Waste.
. (TDC-OLIVE
*G value Low (2000-2600)xg High (3000-3600)xg )
project, 2004)
) . . Higher internal (TDC-OLIVE
Decanter design Lower internal diameter | i
diameter project, 2004)
) (Niaounakis et
Cost Lower cost Higher cost

al., 2006)

*G value: acceleration of the sample in the rotor times the acceleration of gravity.

1.3 OMW Problems

1.3.1 Environmental Effect

The emanated gases from the olive mills engender an offensive odor that leads to
substantial pollution by odors especially throughout the oil production season. Naturally,
OMW undergoes fermentation upon discharging on the land or into natural water bodies
and/ or storing in open ponds. Consequently, pungent gases such as methane, hydrogen
sulfide, phenols and sulfur dioxide are emitted then contaminate soil or waters (Niaounakis
et al., 2006 and Souilem et al., 2017). This environmental impact can be diminished by
acidification of fresh OMW (pH between 2 and 3) to prevent the formation of 4- ethylphenol
the main contributor for the bad odor. The proposed reason for 4-ethylphenol formation was
the degradation of p- coumaric acid (Souilem et al., 2017 and Ruiz-Méndez et al., 2012) as

presented in Figure 5.
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Figure 5: The chemical reaction scheme of degradation of p-coumaric acid to 4-ethylphenol
(Suarez et al., 2007)

The discharge of OMW in the natural water bodies adversely affects the water
resources and aquatic life. Changing in the color of water is the main visible effect that
caused by tannins oxidation then polymerization creating darkly colored phenols. The
presence of a high content of reduced sugars motivates the growth of microorganisms, and
reduces the concentration of dissolved oxygen that is necessary for aquatic life.
Eutrophication phenomena is another deteriorating effect arises from the high load of
phosphorous that stimulates algae growth disturbing the ecological balance in natural waters

(Niaounakis et al., 2006 and Souilem et al., 2017).

1.3.2 Health Effect

OMW containing harmful organic compounds -such as phenol and its derivatives- that
can contaminate ground water resources upon improper disposal methods and thus lead to
a serious ground water pollution problem. Moreover, exposure to such toxic chemicals has
a direct effect on human and animals; it can damage the central nervous system, respiratory
system, kidney, liver, pancreas, blood system and immune system. So it is important to
remove phenols and aromatic compounds from contaminated water before discharge (Rui

et al., 2012; John et al., 2014 and Leouifoudi et al., 2015).



1.3.3 OMW Management and Limitations

The management of OMW represents a critical environmental problem, where huge
quantities -exceeds 30 million m* of OMW- are generated annually in the Mediterranean
basin (Haddad et al., 2017) in annual seasons of less than one hundred days (October to
December) making its storage impossible in small mills. In addition, the OMW is not
involved in any waste management causing a great challenge in its remediation (Niaounakis

et al., 2006).

Jordan, is the top fourteenth producer of olives on the world. It was estimated that
56x 10* Dunums of olives were harvested and 14.5 x 10* tons of olives were produced in
2017 (FAOSTAT database, December 20, 2018). There are 130 olive mills produce around
4 x10* m® of OMW annually (Ministry of Agriculture, Annual Report, 2017). Regrettably,
these mills discharge OMW without any processing as a result of lack in legislations and
national policy that regulate the management of OMW, lack of awareness, in addition to the
high cost and sophisticated techniques for treatment processes. The single disposal
procedure for OMW used in Jordan is transporting to dumpsites which is also considers as
a very high cost approach with serious environmental impact (Ayoub, 2017). Therefore, it

is essential to improve a green and cost effective method to treat OMW on site.

1.4 OMW Treatment Processes
Many methods were used for decontamination of OMW, for instance biological,

thermal and physical processes which improve the quality of wastewater.

1.4.1 Biological Processes

Biological approach for OMW treatment is the employment of microorganisms to
degrade toxic chemicals existing in OMW to methane (CH4) and carbon dioxide (CO.).
Microorganisms’ selection affected by the treatment conditions namely aerobic or anaerobic

conditions (Niaounakis et al., 2006).
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1.4.1.1 Aerobic Digestion

Aerobic treatment process depends on varieties of microorganisms booming only in
the presence of sufficient amount of oxygen and food. It is applied to get rid of organics
from wastewater with lower COD concentration, or just as enhancing step to remove

remaining organics and nutrients (Niaounakis et al., 2006).

1.4.1.2 Anaerobic Digestion
Anaerobic digestion driven mainly by bacteria booming in the absence of oxygen
(Koyama, 1963). It is utilized for removing organics from wastewater with higher COD

concentrations (Niaounakis et al., 2006).

Unfortunately, biological treatment process demands deep understanding of the
catabolic approach employed by microorganisms to digest each compound in OMW, with
the purpose of selecting the most suitable categories of microorganisms that successfully
digest the varieties of these compounds. Furthermore, biological approach is more

expensive than other treating methods (Niaounakis et al., 2006).

1.4.2 Thermal Processes

Thermal process such as evaporation/distillation, combustion/pyrolysis and lagooning
were investigated for OMW treatment. The principle of thermal treatment is decreasing the
water content of OMW thus reducing the total volume of the waste (Di Giacomoet al.,

1991).

1.4.2.1 Evaporation/Distillation Processes

High reduction of COD concentration was obtained upon utilizing evaporation and
distillation as treatment approach of OMW. These techniques generated concentrated
residue compressing mineral salts and nonvolatile organics in addition to volatile flux

comprising water vapor and volatile ingredients. Unfortunately, these techniques require
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high energy and produce a considerable portion of volatile contaminates during the

treatment process (Di Giacomoet al., 1991).

1.4.2.2 Combustion/Pyrolysis Processes

Combustion and pyrolysis as rapid, exothermic chemical reactions are widely used to
remove the wastes found in highly concentrated OMW. Nevertheless, toxic gases are
emitted upon combusting or pyrolyzing OMW causing environmental problems. They also

require very expensive equipment and high amount of energy (Petarca et al., 1997).

1.4.2.3 Lagooning

Using lagoons or evaporation ponds allows OMW to be evaporated and dried by the
sun’s energy. Throughout long periods natural biological degradation occurs for OMW.
Lagooning is one of the first treatment processes that was proposed for OMW with low
finance and maintenance cost. On the other hand, OMW leakage across the soil may lead
to groundwater contamination and produce bad smell water that is unsuitable for irrigation

or fertilizer due to anaerobic fermentation (Kasirga, 1988).

1.4.3 Physical Processes
Physical approach involves separation of different phases by sedimentation, flotation,

dilution, centrifugation, filtration and membrane technology.

1.4.3.1 Sedimentation

Sedimentation method is extensively used pretreatment process. The suspended
organics in OMW can be separated naturally by gravity after a couple of days by
sedimentation. After sedimentation, OMW can be viewed as two separate layers, upper
layer with a low COD concentration and settled sludge with a high COD concentration

(Georgacakis et al., 2002).

12



1.4.3.2 Air Floatation

Flotation process on the other hand, removes oil droplets and suspended particles
from OMW via adding a gas (commonly air) that enables separation, upon adhering to the
particle structure, thus the specific gravity is decreased and the suspended particles float.
Floatation is relatively inefficient technique for OMW pretreatment due to high content of

suspended solids making the ratio of the air to the solid out of the standard working range

(Schwoyer, 1981).

1.4.3.3 Dilution

Dilution is capable of reducing the concentration of OMW, consequently, final
effluent can simply accomplish the obligatory standards. Nevertheless, in restricted water
resources areas, this way seems to be inappropriate, particularly when large water quantities

are required for dilution (Fiestas De Ursinos and Padilla, 1992).

1.4.3.4 Centrifugation

Centrifugation technique implies the usage of centrifugal power to separate different
phases depending on their density. When OMW is exposed to centrifugation, three isolated
phases are produced: olive oil layer, aqueous layer holding the soluble substances, and
deposited layer comprising colloidal and suspended particles. Although it was verified that
centrifugation technique is capable of completely separating suspended and colloidal
materials, and considerably enhancing oil recovery and COD removal, it is considered to be
an expensive process and requires a periodic maintenance (Al-Malah et al., 2000) and

(Niaounakis et al., 2006).

1.4.3.5 Filtration
Filtration is a process based on using pressure to remove colloidal and suspended

solids from OMW. Unfortunately, it was proved that the physico-chemical features of
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OMVW i.e. the presence of oil, suspended solids and fats blocked the filter and made this
technique impractical (Bradley and Baruchello, 1980), (Mitrakas et al., 1996) and (Niaounakis

et al., 2006).

1.4.3.6 Membrane Technology

Separation of a very small particles from OMW was conducted using membrane
technology. Four different membrane methods including nanofiltration, microfiltration,
ultrafiltration and reverse osmosis were investigated for OMW treatment. Unfortunately,
membrane fouling caused decrease in membrane permeability and selectivity which led to
decrease in its efficiency and increase the cost upon frequent plant closure for washing and

cleaning the membranes (Iniotakis et al., 1993).

1.4.4 Physico-chemical Processes

Coupling between physical and chemical processes leads to a more powerful
technology known as physico-chemical processes. As an example, adding chemicals for
coagulation, flocculation and adsorption that upgrade the quality of OMW (Shammas et

al., 2005).

1.4.4.1 Coagulation, Flocculation

Coagulation and flocculation represent the backbone processes in superior wastewater
treatment plants. The idea behind using these techniques is to improve suspended or
colloidal particles removal in downstream processes such as filtration and sedimentation

(Shammas et al., 2005).

Coagulation process is based on addition of organic and/or inorganic coagulants (iron
salts or aluminum salts). These coagulant cations serve as destabilizers for the negatively
charged suspended or colloidal particles. This step is typically fast and occur in a rapid

mixing container. Aggregation of the destabilized particles achieved by slow mixing
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process in the flocculation tank with assistance of ionic or non-ionic polymers serve as

flocculants (Shammas et al., 2005).

Coupling between coagulation, flocculation and sedimentation processes may lead to
more powerful pretreatment technique that reduces the total suspended solid content (TSS)
efficiently in wastewater, thus facilitates the main treatment process or may be utilized as
post treatment process. The OMW treatment by means of coagulation, flocculation, and
sedimentation was investigated by Pelendridou et al. in 2014. This technology was tested
as a single treatment process and as a post treatment succeeding aerobic biological
treatment. It was found that the use of a combined biological and physicochemical process
was the optimum treatment with COD, total phenols (TPC) and TSS removal efficiencies
of 65.5%, 66%, and 99.2%, respectively (Pelendridou et al., 2014). Moreover, Hodaifa et
al. in 2015 studied the effect of pretreatment by coagulation flocculation sedimentation of
OMVW, and the results showed a high removal percent of turbidity (27.9 - 61.4%), while
organics was removed partially with COD removal of (5.6 - 20.4%) and TPC removal of
(11.3 - 25.1%) (Hodaifa et al., 2015). Another study was conducted on OMW treatment by
Ozan Eskikaya et al. in 2017 through successive acid cracking then coagulation-flocculation
using ferrous sulfate as coagulant. The results demonstrated that 3000 mg /L was the

optimum coagulant dose with total COD removal of 79% (Ozan Eskikaya et al., 2017).

1.4.4.2 Adsorption

Adsorption process is believed to be an effective technology for wastewater treatment
owing to its design simplicity, low space requirements, low cost, and odor free emissions.
This technique is based on bonding dissolved material (adsorbate) present in wastewater to

the surface and pores of a solid matter (adsorbent) (Mskay and Calvert, 1990).

Granular activated carbon (GAC) is considered as effective adsorbent, since it has a

very high surface area per unit weigh. Nonetheless the high cost of commercial GAC

15



restricted its use and applications in wastewater treatment (Saravanakumar et al., 2013). On
the other hand, locally available materials such as zeolites and VT can also be used as
adsorbents. These natural materials in many instances are relatively inexpensive, abundant
in supply and have significant potential for modification and enhancement of their

adsorption capabilities (Rashed, 2013).

1.5 Adsorbents used in OMW Treatment

1.5.1 Granular Activated Carbon (GAC)
Granular activated carbon (GAC) is a widespread adsorbent due to its high surface
area (El-Geundi et al., 1997). Its capability to adsorb various types of pollutants makes it

an attractive adsorptive material for OMW treatment (Lakshmanan, 2013).

In 2004 Azzam et al tested the capability of using adsorption by GAC as a post
treatment step in OMW remediation. OMW was treated by successive settling, centrifugation,
and filtration. The filtrate was then exposed to a post-treatment process i.e. adsorption using
GAC. It was found that the removal of TPC was approximately 94%, while it achieved
approximately 83% for COD (Azzam et al., 2004). Another study was conducted by Azzam
et al. in 2010 to investigate the effect of using GAC, as adsorption medium, on the
concentrations of phenols and COD of pretreated OMW. The results exhibited that three-
stage countercurrent adsorption treatment procedure using GAC (24 g/ OMW) was
capable of reducing phenols from 450 mg/L to 15 mg/L. While COD was reduced from
60000 to 22300 mg/L. (Azzam et al., 2010). Moreover, Hattab et al. investigated the
adsorption capacity of the GAC for COD and TPC reduction by batch process. It was found
that GAC led to removal percentage of 91% and 74% of TPC and COD respectively (Hattab
et al., 2016). Column experiments were conducted to investigate the treatment of OMW
over sand filtration followed by GAC adsorption. Sand filtration was responsible for 64%

and 69% COD and TPC removal percentage, respectively. While Adsorption tests with
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GAC proved the high capability of GAC in COD and TPC removal percentage to non-
detected levels (Mkadem et al., 2014). Actually, GAC was verified to be an effective
adsorbent for COD and TPC by many researchers. But, its high cost and the requirement
for a high cost regeneration techniques make it less economically feasible as an adsorbent.
So, the requirement for available and cost effective adsorption media has led many
researchers to search for more efficient and naturally available materials to use (Achak et

al., 2019).

1.5.2 Natural Volcanic Tuff (VT)

Volcanic tuff (VT) is the rock shaped mainly from volcanic ash expelled throughout
volcanic eruption (Liet al., 1981). Volcanic tuff were formed in Jordan throughout Neogene
and Pleistocene periods from basaltic volcanism in Jordan Graben and northeast areas. The
Rift of Dead Sea was the main originator for the eruption of volcanos in Jordan. Harrat
Ash-Shaam in northeast Jordan is the largest volcanic field which is responsible for
production of 5x10° ton of the black VT which have a potential for future research. The
process of VT formation in Jordan was investigated minutely by Ibrahim et al. (Ibrahim et

al., 1995 and Ibrahim, 1996).

Many studies on VT declares the presence of zeolites associated with the VT (Al
Dwairi, 1987; Ibrahim, 1996; Al Dwairi et al., 2009; Ibrahim, 2014 and Khoury et al., 2015).
In alkaline hydrological systems, thick layers of VT alter slowly to three mineralogical
zones that can be characterized in the field by their color to (Ministry of energy and mineral
resources, 2015):

1. Sideromelane zone appears at the surface, comprises a fresh sideromelane as well

as it has black to light grey color.

2. Palagonite zone appears as intermediate zone, which is virtually free of zeolite and

it has dark brown to reddish brown color.
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3. Zeolite zone full of zeolite with yellow to light brown color and characterized by the

presence of chapazite, phillipsite and faujasite minerals.

Temperature and hydrological environment are the major directors for zeolitization
process (Al Dwairi et al., 2014). Volcanoes are usually erupting in tectonic plates regions
that generally found close to an ocean or within an island. Upon flowing of the hot lava
into the sea a chemical reaction occurs between water, lava and salt from the sea. This
reaction over passage of thousand years produce zeolitic VT (de'Gennaro et al., 2000;

Harpel et al., 2008; Weckhuysen and Yu, 2015 and Moshoeshoe et al., 2017).

Studies were conducted for investigating zeolitic VT and non zeolitic VT in OMW
treatment. Njoum in 2014 tested the feasibility of using zeolitic VT in TPC removal from
OMW through column approach. Three columns packed with 5 cm zeolitic VT of different
particle sizes showed good removal percentage with average reduction of 37%, 33.8 % and
12% from the first, second and third column, respectively (Njoum, 2014). Kannan in 2017
proved that zeolitic VT is not capable of removing phenols from OMW even after 14 days
although OMW was mixed with non-ionic surfactants (Kannan, 2017). Al-Tabbal et al.
investigated the effect of using non zeolitic volcanic tuff for treating OMW. It was found
that COD decreased from 81000 to 53000 mg/L with 35% removal percent while TPC from
2300 to 1700 mg/L with 26% removal percent (Al-Tabbal et al., 2015). Reddish non zeolitic
VT with a particle size < 63 um was utilized by Gharaibeh et al. to remove COD and
turbidity from OMW. The results revealed that reddish VT is not able to remove COD and
turbidity from OMW (Gharaibeh et al., 2008). The same conclusion was achieved by
Azzam in 2018 after studying the possibility of using VT as adsorbent for phenols and COD
removal. Though VT was activated either by calcination or by acid washing, the removal
percentage for COD and phenols did not exceed 14% and 21% respectively (Azzam, 2018).
To the best of our knowledge, combined activation of VT by acid washing followed by

calcination was not investigated in OMW treatment.
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1.5.3 Magnetic Nanoparticles

Nanotechnology plays an important role in industry. Its applications may result in a
cleaner and healthier environment. The usage of nanoparticles typically poses several
advantages over conventional materials owing to their size effects, the ratio of their surface
to volume, interaction and surface chemistry yielding in highly powerful adsorbents

(Lakshmanan, 2013).

Application of magnetic nanoparticles in wastewater treatment allows one to design a
process where nanoparticles not only remove contaminants from wastewater efficiently, but
also can readily be separated from the medium via a simple magnetic process, that can be

efficient, scalable and harmless material (Krug, 2008 and Hariani et al., 2013).

Maghemite nanoparticles (y-Fe>O3) for instance were investigated as adsorbent for
color, phenols and COD removal from OMW via batch and column processes by Nassar et
al. It was found that the adsorption process was rapid and the equilibrium was achieved
within 30 min. Multi layers adsorption was proved for magnetic nanoparticles after

conducting kinetic studies (Nassar et al., 2014).

Magnetite nanoparticles (Fe3O4) are commonly used owing their unique properties
i.e. two types of cations (Fe*’ and Fe*?) are present in their crystal structure. Many
procedures are described in literature for monodispersed magnetite nanoparticles synthesis
including microemulsion, chemical coprecipitation, thermal decomposition, sol gel and
hydrothermal synthesis. Out of all these, chemical coprecipitation method is considered as
a convenient and facile approach to synthesize magnetite nanoparticles from aqueous
solutions of ferric and ferrous salts through dropwise addition of a base at room temperature

or at an elevated temperatures (Lakshmanan, 2013).
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The mechanism of magnetite nanoparticles formation by chemical coprecipitation

process can be written as follow (Dufour et al., 1997):

Fe +30H > Fe(OH)s s) (1)

F(OH), | it FeO(OH) )+ HO @
24 .

Fe +20H » Fe(OH), s 3)

2FeO(OH)  + Fe(OH), — » FesOu ) +2H20 (4)

The overall reaction:
Fe**+ Fe’*+ SOH™ + FeO(OH) _™' , Fe;04 + 3H,0

in which FeO(OH) is ferrihydrite

In many cases, providing a stationary phase for the nanoparticles can make their
application more feasible. There are many examples of these cases such as: core-shell-shell
Fe304/S102/T102. These nanoparticles with silica and titania combination were investigated
for photocatalytic degradation of organic compounds in OMW. They were prepared by
coating a TiO; layer and SiO> layer on magnetic nanoparticles. The obtained results showed
a high photocatalytic activity of synthesized nanoparticles for degradation of the OMW

organic compounds (Ruzmanova et al., 2013).

In another study, ZnO-Magnetite nanocomposite was synthesized and investigated for
photocatalytic degradation of phenolic compounds from OMW. The results showed that

COD and TPC removal were found as 80% and 75% respectively (Sponza et al., 2018).
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1.6 Aim of the Study

The main objective of this project is to develop cost effective and environmentally
friendly approach to remove organic and phenolic compounds from OMW. The developed
approach include pretreatment of OMW by coagulation/ flocculation/ sedimentation
processes followed by filtration through different media. The media contain magnetite
nanoparticles, GAC and VT in different ratios and through three different scenarios (mixing,

layering and nanocomposites) and tested via batch and column processes.
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Chapter Two: Materials and Methods

2.1 OMW Samples Collection and Preservation

OMW samples used in this project were collected during the harvesting time from a
three phase olive mill located in Amman- Wadi Al-Sear (Bilal Olive Press). OMW was
filtered and acidified with hydrochloric acid (37%, VWR, USA). pH meter (GonDO PL-
700PV, Taiwan) was used to control the pH range to be from 2-3 to prevent degradation of
phenolic compounds (Ruiz-Méndez et al., 2012). OMW was stored in polyethylene
containers (20 L) at room temperature and kept in dark place to prevent photodegradation

of phenols until used in this study.

2.2 Pretreatment of OMW by Coagulation/Flocculation/Sedimentation
Processes

OMW samples were pretreated by coagulation/flocculation which carried out using
jar test apparatus (VELP SCIENTIFIICA JLT6, Italy) equipped with stainless steel stirring
impellers and six 1-L beakers (Figure 6). Coagulation is a rapid mixing stage that aims to
destabilize colloidal or suspended particles present in OMW. Coagulation process was
followed by a slow mixing stage known as flocculation process to increase aggregation
between destabilized particles. Sedimentation process was the last stage, where the mixing
was stopped and aggregated flocs were allowed to settle down. In this study 20% w/v
solution of ferric chloride hexa hydrate (FeCl3;.6H>0) (AR grade, FISCHER Chemicals,
China) was used as coagulant and polymeric quaternary amine (SUPERFLOC C 577,

KERMIRA, Finland) was utilized as a flocculent.
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Optimization of variables such as slow and rapid mixing time and speed, coagulant
and flocculent doses, pH and settling time was carried out based on the highest removal
percentage of OMW constituents and each experiment was repeated triplicate. pH of the
samples was adjusted before the addition of ferric chloride. TSS, COD, TPC and sludge

volume were determined before and after coagulation/flocculation/sedimentation processes.

Six beakers, each filled with 500 mL OMW were used to optimize the parameters of
coagulation/ flocculation/ sedimentation. In each optimization experiment, one parameter
was varied while fixing other parameters. The optimum rapid mixing speed was obtained
by running the experiment with varied speed of 80, 90, 100, 150, 200 and 250 rpm. The
best rapid mixing time was found by conducting the experiment with different rapid time of
1,2,3,4,5 and 6 min. The optimum slow mixing speed was determined by running the
experiment with varied speed of 10, 20, 30, 40, 50 and 60 rpm. Slow mixing time of 5, 10,
15, 20, 25, 30, 35, 40 and 45 min., pH of 1, 3, 5, 7, 9 and 11, ferric chloride dose of 0, 1000,
2000, 3000, 4000 and 5000 mg/L were tested to find the optimum values. While flocculent
doses of 0.5, 0.75, 1, 1.25, 1.50, 1.75 and 2% (Vfioccutend V omw) % and settling time of 10,

20, 30, 40, 50 and 60 min. were tested.

Figure 6: Jar test apparatus (VELP SCIENTIFIICA JLT6, Italy)
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2.3 Media Preparation

2.3.1 Magnetite Nanoparticles Preparation
Magnetite nanoparticles were prepared by co-precipitation method according to Wei

et al. procedure (Wei et al., 2012).

A 200 mL of 0.05 M aqueous solution of ferrous chloride tetrahydrate (FeCl>.4H>O)
(AR grade, BBC Chemicals, EU), was mixed with 200 mL of 0.1 M ferric chloride
hexahydrate solution for 10 minutes using shaking water bath (KOTTERMAN 3047,
Germany) maintained at 40°C and constant shaking speed of 150 rpm. Then 3 M Sodium
hydroxide (NaOH) (AR grade, alpha chemika, India) solution was added to the above
mixture using a peristaltic pump (masterflex, USA) at a rate of 0.9 mL/min for 30 min to a
final pH of 10. The produced nanoparticles were cooled to room temperature and washed
several times with deionized water and ethanol (99.8%, C & S chemicals, Georgia) until
their pH equal to 7. Magnetite nanoparticles were separated using external magnetic field
and dried in the oven (GEMMY, yco-Nol, Taiwan) at 60°C. Deionized water was used as

solvent for preparing the solutions. The step by step schematic procedure is described in

Figure 7.
FeCls. 6H,0O Peristaltic
+ pump
FeCl,. 4H,O Separation
: : z
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Figure 7: Schematic diagram for magnetite nanoparticles preperation by coprecipitation
method
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2.3.2 Volcanic Tuff (VT) Media Preparation
Volcanic tuff (VT) used in this study was collected from Tell Geis — Al Mafraq, a
natural volcanic tuff deposit site, located in the northern area of Jordan. VT was grinded,
sieved and categorized into two categories according to their particle size ranges:
e The small particle size range: less than 45 pm.

e The large particle size range: 125 pm- 150 um.

VT media were prepared by activation using three different approaches (Figure 8):
1. Calcination alone.
2. Activation with acid impregnation followed by calcination according to (Susilawati
et al., 2018) with minor changes.

3. Activation with base impregnation followed by calcination.

Calcination procedure was unified and conducted using muffle furnace (witeg, AC
460V, Germany) heated at 350°C for 3h. Acid impregnation was performed using 2 M
sulfuric acid (H2SO4) (95-97%, sigma- Aldrich, Germany) solution. Four VT samples were
impregnated with sulfuric acid on 50°C hot plate (AREX DIGITAL, VELP SCIENTIFICA,
Italy) equipped with a magnetic stirrer maintained at 1500 rpm for different impregnation
time of 2, 24, 48 and 72 hr. Then filtered and washed with deionized water several times to
ensure removal of residual acid. However, base impregnation was performed using 2 M
NaOH solution according to Djaeni et al. procedure (Djaeni et al., 2010). VT sample was
impregnated with NaOH for 2 hr at 50°C hot plate equipped with magnetic stirrer
maintained at 1500 rpm. Then filtered and washed with deionized water several time to
ensure removal of residual basicity. So seven samples of VT were utilized in this study; VT
without activation (untreated VT), VT activated with calcination alone (VTC), VT activated
with acid impregnation for 2 hr followed by calcination (VTA2C), VT activated with acid
impregnation for 24 hr followed by calcination (VTA24C), VT activated with acid

impregnation for 48 hr followed by calcination (VTA48C), VT activated with acid
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impregnation for 72 hr followed by calcination (VTA72C) and VT activated with base
impregnation for 2 hr followed by calcination (VTB2C). Figure 9 presents all VT samples

used in this study.

VT with 2M H2SO4 Washing

VT

5 » Activated
VT

R A

Grinding  Sieving

VT with 2M NaOH Washing

Figure 8: Schematic diagram for VT activation methods used in this study

Figure 9: VT samples used in this study (a): untreated VT, (b) VTC, (c) VTA72C, (d)
VTA48C, (e) VTA24C, (f) VTA2C, (g) VIB2C
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2.3.3 Modification of VT with Polymeric Quaternary Amine
10 g of VTA24C were soaked in 0.1 mL of polymeric quaternary amine that was
dissolved in 20 ml deionized water. Then stirred for 1 hr using magnetic stirrer at 1500

rpm. The sample was then dried at room temperature and kept on desiccator until used.

2.3.4 Preparation of VT /Magnetite Nanocomposites

0.5% by weight magnetite nanoparticles was suspended in 50 ml deionized water and
added to 20 g of VTA24C. Then sonicated for 1 hr at 70°C using probe sonicator (SONICS,
VC505, USA, probe material: titanium alloy (Ti-6Al-4V), tip diameter: 13 mm, net power
output: 500 watts, frequency: 20 kHz). After that the nanocomposite was filtered and dried
in air as shown in Figure 10. Preparation steps of VT/magnetite nanocomposites is

presented in Figure 11.

Figure 10: The prepared VT/magnetite nanocomposites
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Figure 11: Schematic diagram for VT/ magnetite nanocomposite preparation

2.3.5 Granular Activated Carbon (GAC)
Granular activated carbon (GAC) (chemviron carbon, USA) was used as adsorbent

and treated either by chemical reduction or chemical oxidation.

2.3.5.1 Reduction of GAC

GAC was reduced according to Shaarani et al. (Shaarani et al., 2011). 8g of GAC
were soaked in 300 ml of 10% ammonia solution (25%, LabChem, USA) for 48 hr at room
temperature. Then, filtered and dried in the oven at 105°C for 24 hr and kept in the

desiccator until used.

2.3.5.2 Oxidation of GAC

Oxidation of the GAC was performed according to Abu-Dalo et al. procedure (Abu-
Dalo et al., 2013). 25 g of GAC was impregnated in 60 ml of 20% nitric acid (HNO3) (69-
71%, SDFCL, India) and kept on hot plate that was equipped with magnetic stirrer for 8 hr
at 90-95°C and stirring speed of 500 rpm. Subsequently, GAC was washed several times
with deionized water until its final pH was 3, dried in the oven at 90°C for 48 hr and kept in

the desiccator until used.
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2.4 Media Characterization

2.4.1 Point of Zero Charge (pHrzc)

Point of zero charge of magnetite nanoparticles, GAC and VT samples were determined
using pH drift method described previously (Lazarevi¢ et al., 2007). A set of samples of 25
mL of sodium nitrate (NaNO3) (0.1 M) (Hopkin & Williams, England) were used to measure
pHrzc. Their initial pH (pH;) were adjusted from 2 to 12 using 0.1 M solutions of NaOH or
HCI. Then, 0.05 g of the tested media i.e. magnetite nanoparticles, VT or GAC was added
to each sample. The samples were left on the shaker for 24 hr, at room temperature to reach
equilibrium. The final pH of each sample was determined after filtration. Each experiment
was repeated triplicate and pHpzc - the point where pH; = pHr- was determined from pHt

vs. pHi plot. Figure 12 describes the step by step procedure for pHpzc determination.

Adjusting the n 1 NN Reading the

initial pH ‘ \ , , .
fzl gz W final pH

S - - S \

I l | 1 [ l I l
— > > : \ \ 0.05 g of tt'le
tested media

pH; =6 pH; =7 pHi = 8 pHi =9

n " " Shaking for
0.1 M NaNO; ] , , 24 hr to reach
= b & equilibrium
pHi=10 pHi= 11 pH;=12

Figure 12: Schematic diagram for pHpzc determination steps

2.4.2 Surface Area

Brunauer, Emmett and Teller (BET) technique (Quantachrome, NOVA 2200e, USA)
located in the University of Jordan was used to determine the surface area, total pore volume

and average pore size for VT samples. 0.5 g of each sample was weighted using analytical

balance (Precisa 410AM-FR, Precisa, Switzerland) and then degassed for 3 hr at 300°C.
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Each sample was then analyzed in the linear range; P/Po = (0.05- 0.35). BET equation was

utilized to find the total external and internal surface area of multilayer adsorption system.

P 1 C-1 p

= X == (D
Va (P0-P) Vm C VvmC PO

where:

P: the equilibrium pressure of N2 (g)
Po: the saturation pressure of N2 (g)
Va: the volume of adsorbed N2 ()
V: the monolayer capacity

C: BET constant

Plotting [P/ (Va (Po-P))] versus [P/Po] resulted in a straight line at a relative P/Po
pressure between 0.05- 0.35. The intercept of this line equal 1/(Vi C) and the slope equal

(C-D/(Vm O).
The surface area can be calculated using:

Vm NS
\'%

2)

S total =

Where:
S toal? the surface area in (m?)
N: Avogadro’s number
V: the molar volume of N> (5 which equal 34.7 cm*/mol

S: the cross section of the adsorbing species (m?)

The specific surface area was found by dividing the surface area obtained from BET

equation by the mass of the sample.
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The total pore volume was calculated from the amount of N> () adsorbed using the
porosity equati