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ABSTRACT

Barley straw, an agricultural byproduct, was identified as a potential adsorbent
material for wastewater treatment as it offers various advantages such as abundant
availability at no or very low cost, little processing cost and ability to biodegradation.
The raw barley straw, however, needs to be modified as a preliminary study showed
less favorability of the raw barley straw in removing oil and anionic dyes. Barley
straw was chemically pretreated with sodium hydroxide and modified using a cationic
surfactant, hexadecylpyridinium chloride monohydrate (CPC). Generally, the
treatment with NaOH increases the negatively charged sites on straw surface and the
cationic surfactant introduced forms a hydrophobic layer on the straw surface and
changes the surface potential charge from negative to positive. From this exercise,
four different adsorbents have been prepared, viz; raw barley straw (RBS), raw barley
straw pretreated with sodium hydroxide (RBS-N), and the modification of RBS and
RBS-N with the cationic surfactant CPC, which were labelled as surfactant modified
barley straw (SMBS) and base pretreated surfactant modified barley straw (BMBS).

Several physical and chemical techniques were employed to characterize barley straw
samples to understand the properties of raw and modified straws as well as to study
the effects of modification on the textural and surface properties of the raw barley
straw. Chemical compositional analyses showed that the amounts of potassium,
sodium, arsenic and cadmium existing in RBS, RBS-N were generally low. The
availability of cellulose, hemicellulose and lignin in RBS offers the great potential of
using the barley straw as a biosorbent material. Surface group measurement by the
Boehm titration showed higher acid groups in the base-treated straw (RBS-N) than
raw straw due to the base hydrolization of lignocellulosic material, which is
responsible for the increase in surface acidic sites such as carboxylic and hydroxyl
groups. The percentages of carbon and nitrogen for SMBS and BMBS were greater
compared to RBS and RBS-N, due to loading of CPC. Based on carbon and nitrogen
values, the impregnated CPC on SMBS and BMBS was calculated as 0.086 and 0.109
mmol g, respectively. For the surfactant modified straw, lower BET surface area was

observed and could be explained by the attachment of the surfactant moieties to the
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internal framework of raw adsorbents causing the constriction of pore channels. The
electrical conductivity was found much lower in surfactant modified straw due to
significant reduction in water soluble mineral after the surfactant modification. Higher
bulk density of SMBS and BMBS was due to the addition of CPC onto the straw
surface. SEM microphotos of all the prepared adsorbents showed the highly irregular
shapes and sizes. The treatment with alkaline solution partly removed the protective
thin wax on straw surface. The surfactant modified surface appeared to be rough,
indicating that the surface had been covered with organic molecules. FT-IR spectra of
RBS and RBS-N did not show any radical changes indicating that the treatment with
mild base solution did not significantly alter the chemical properties of the straw. Two
new bands lying at about 2920, 2850 cm™ referred as asymmetric and symmetric
stretching vibration of methylene (C-H) adsorption bands originated from the alkyl
chain of CPC were observed on SMBS and BMBS, proving the existence of CPC on
straw surface. Desorption of CPC from the surfactant modified straw was observed to
increase with increasing acid solution concentration. The increasing desorption of
CPC (with increased in acid solution) describes that ion exchange is the major binding
mechanism. The sorption of CPC generally showed that the sorption capacity of CPC
increases with increasing CPC equilibrium concentration for both RBS and RBS-N.
The surfactant sorption was at the maximum when the equilibrium surfactant

concentrations reached the critical micelle concentration, CMC.

Preliminary experiments found the effectiveness of the prepared adsorbents, namely;
RBS, RBS-N, SMBS and BMBS in removing different types of emulsified oil from
wastewater such as canola oil (CO) and standard mineral oil (SMO). Comparing to
SMBS and BMBS, RBS and RBS-N showed low removal efficiency of the
emulsified oil. This provided a sensible justification in using SMBS and BMBS as
adsorbent materials. The adsorption tests were performed using SMBS and BMBS on
CO and SMO by batch adsorption. For the sorption of CO and SMO on SMBS and
BMBS, the adsorption was less favorable at high acidic condition and the maximum
adsorption capacity was observed at about neutrality. Larger particle size would result
in lower adsorption while adsorption temperature would not affect adsorption
significantly. The kinetic study revealed that equilibrium time was short and pseudo

first order model provided the best correlation for the kinetic adsorption data of CO
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and SMO on both SMBS and BMBS. The film diffusion was observed as the rate
limiting in the sorption of CO and SMO on SMBS and BMBS. The isotherm data for
sorption of CO and SMO on SMBS and BMBS indicated that the adsorption was
fitted well by the Langmuir model. The Langmuir adsorption capacities of CO and
SMO on SMBS were 576.00 and 518.63 mg g'; and 613.29 and 584.22 mg g on
BMBS, respectively. Desorption experiments also showed the stability of the oil
loaded on straw. The adsorbent was later evaluated in a fixed bed column. The
breakthrough curves indicated the favorable performance of SMBS and BMBS for
both CO and SMO; however, less success was observed for RBS and RBS-N. The
modeling of column tests showed a good agreement of experimental data of oil
adsorption on SMBS and BMBS with the Thomas and Yoon-Nelson models. The
column adsorption capacities from the Thomas model for SMBS and BMBS were
368.82 and 440.74 mg g' for CO; and 310.16 and 336.31 mg g’ for SMO,

respectively.

The applicability of the prepared adsorbents was also evaluated for treating dye
containing wastewater. The adsorption tests were performed using SMBS and BMBS
on anionic dyes of Acid Blue 40(AB40), Reactive Blue 4(RB4) and Reactive Black
5(RB5) as the preliminary batch adsorption experiments showed low removal
percentage of dyes on RBS and RBS-N. The batch study also revealed that the
adsorption was a function of dye concentration, pH and temperature. Adsorption
capacity was found higher at pH about neutrality for AB40, and at acidic condition
(pH 3) for the other dyes. Adsorption capacity of AB40 increased at increasing
experimental temperature whereas no significant change was observed for RB4 and
RB5. The kinetic experiment revealed that adsorption of dyes was rapid at initial stage
followed by a slower phase where equilibrium uptake was achieved. Based on batch
kinetic study of adsorption of AB40, RB4 and RB5 on SMBS and BMBS, the pseudo-
second-order model fitted well with the kinetic data other than the pseudo first order
model. The film diffusion was observed as the rate limiting in the sorption of AB40,
RB4 and RB5 on SMBS and BMBS. The isotherm data of dye adsorption on SMBS
and BMBS indicated that the adsorption was fitted well by the Langmuir model. The
Langmuir adsorption capacities of AB40, RB4 and RB5 were 45.4, 29.16 and 24.92
mg g for SMBS and 51.95, 31.50 and 39.88 mg g for BMBS, respectively.
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Desorption experiments also showed that the dye loaded straw was stable at acidic
condition but desorption increased as the pH increased (i.e pH 11). The applicability
of the adsorbents for AB40 and RB5 removal was also tested in a fixed bed column
study. Similar to the column system for CO and SMO, the breakthrough curves on
RBS and RBS-N was also poor, however, favorable column breakthrough
performance was observed on SMBS and BMBS. The column breakthrough modeling
showed the better fit of the experimental data of SMBS and BMBS with the Thomas
and Yoon-Nelson breakthrough models. The adsorption capacities from the Thomas
model for SMBS and BMBS were estimated as 53.39 and 77.29 mg g for AB40; and
24.57 and 33.46 mg g for RB5, respectively.
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BACKGROUND

1.1  Introduction

Rapid increase in world population, industrialization and urbanization has led to an
increase in ecological problems. Water is particularly vulnerable to the contamination
from discharge of wastes from various industrial activities. The indiscriminate
discharge of untreated or partially treated effluents into the natural environment
creates a major ecological problem throughout the world. Organic pollutants such as
oil and organic dyes have left an undesired impact on the environment. It is estimated
that between 1.7 and 8.8 million metric tons of oil are released into the world’s water
every year [1], of which more than 90% are directly related to human activities
including deliberate waste disposal. Meanwhile, roughly 10,000 of different
commercial dyes and pigments exist, most of which are difficult to biodegrade due to
the complex aromatic structure and synthetic origin [2, 3]. Over 7 x 10° tonnes are
produced annually worldwide [3] while 10-15% of the dyes were estimated to be lost
in the effluent during dyeing process [4].
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Oils in wastewater especially petroleum origin have very low biodegradability and
their presence not only produces aesthetically unpleasant, detrimental to aquatic life
but also could cause serious problems for wastewater treatment plants [5, 6].
Synthetic dyes are considered to be dangerous organic compounds for the
environment [7-9], thus the existence of dye pollutants in water system is undesirable
due to their appearance and toxicity [10, 11]. Various methods for oily wastewater
treatment including physical, biological, chemical, mechanical, physicochemical
methods (i.e flotation), and membrane processes have been developed [12].
Meanwhile for dye wastewater, the methods developed include adsorption, anaerobic
treatment, coagulation, electro coagulation, flotation, filtration, ion exchange,
membrane separation, and advanced oxidation [3, 13-16]. However, there are many
limitations for those treatments, such as low efficiency, high operation costs,
corrosion and recontamination problems, incomplete removal of colored effluent (for

dyes) and etc [5, 17].

Adsorption process is one of the interesting methods for removing organic and
inorganic pollutants in waterway systems [18] and activated carbon is the widely used
adsorbent material. However, it is uneconomical in using activated carbon especially
for treatment of oily wastewater [19] and dye wastewater [20], hence the possibility of
using alternative inexpensive materials has been actively explored by many

researchers in the past years [6, 21, 22].

Development of low cost adsorbent materials based on agricultural waste/byproducts
as an alternative to activated carbon had been studied in the past few decades [7, 23].
Agricultural wastes offer advantages such as cheap and abundantly available,
simplicity in technology, relatively inexpensive in running cost and biodegradable.
Due to these reasons, an agricultural waste, barley straw, has been chosen as an
adsorbent in this work. Utilization of barley straw as an adsorbent/biosorbent material
has been studied by some researchers, and it has demonstrated excellent efficiency in
removing heavy metals [24, 25] and basic dyes [17, 26]. The existence of various
functional groups such as carboxyl, hydroxyl, sulphate, phosphate, ether and amino
groups on agricultural wastes, which act as binding sites [23, 27], makes a good

reason for them to be employed as adsorbent materials. However, using raw untreated
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agricultural waste did not give good account in removing certain types of oil and dye
wastewater especially emulsified oil [17, 28] and anionic dyes [17]. Thus, it is
necessary to modify the straw surface to enhance the sorption capacity towards
emulsified oil and anionic contaminants. Modification with a cationic surfactant has
been chosen for this study due to encouraging outcomes from previous investigations
that reported the effectiveness of cationic surfactant modification on inorganic and
organic materials for emulsified oil adsorption [21, 22, 29] and dye removal from
wastewater [30-32]. However, most of the modification was performed on mineral
surface [33-35] and only a few applications on agricultural waste/byproduct have
been reported, i.e on coir pith [36] and wheat straw [29]. Hence, in this work, the
potential of using cationic surfactants modified agricultural byproduct, barley straw

was investigated.

1.2 Research Objectives

The overall purpose of this study is to assess the feasibility of using raw and
surfactant modified barley straws as potential adsorbents for the removal of the
emulsified oil and dyes in wastewater in batch and continuous column studies. Two
types of oil namely emulsified canola oil (CO) and standard mineral oil (SMO), and
three types of dyes namely, Acid Blue (AB40), Reactive Blue (RB4) and Reactive
Black (RBS5), were chosen to represent the contaminants originated from oils and
anionic dyes. The key outcome of this research is to provide a scientific basis for
potentially new approaches to oily and colored wastewater treatment by utilizing

cheap and abundantly available agricultural waste material.

This thesis is outlined in seven chapters, which begins with Background as Chapter 1
to introduce an overview of this thesis. Literature review in Chapter 2 can be best
viewed in two segments; the first segment discusses the emulsified oils and dyes in
wastewater including but not restricted to their classification, physicochemical
properties, potential hazard and current available treatments. The second segment
focuses on cationic surfactant and the usefulness in modifying the solid surface for
environmental remediation. Mechanism of surfactant adsorption to solid surface and
the potential of using surfactant modified adsorbents to remediate emulsified oil and

dye wastewater were thoroughly reviewed in this part. Chapter 3 covers the
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experimental methodology and is divided into three parts. Firstly, the preparation and
characterization of adsorbent materials is described, secondly the procedure of batch
and column adsorption for emulsified oils and anionic dye wastewater are described,
and finally the appropriate models for simulate the batch and column test data are
discussed. Overall, Chapter 3 describes research methodology, including materials,

instrumentation, general experimental techniques and procedures.

Results, data analysis and discussion were presented into three chapters, Chapters 4-6.
Chapter 4 can be best viewed in two segments. The first segment describes the
modification of barley straw and the second segment establishes the characteristics of
the prepared barley straw. Generally, two types of modification were applied;
treatment with a base solution and treatment with a cationic surfactant. In this chapter,
the effects of concentration of base and cationic surfactant were studied in order to
ascertain the relationship between the base solution and the active site creation. The
physical and chemical properties of raw and modified straw were established in order
to ascertain the influence of various treatments applied to the straw properties as well
as to prove the existing of cationic surfactant on the straw surface. Chapters 5 and 6
generally discuss the treatment of oily wastewater and dye wastewater, respectively,
using the prepared adsorbents. The discussions include the findings in batch and
column studies. The appropriate models were also employed to fit the experimental
data. Finally, Chapter 7 presents the overall summary of the results and a concise
account of conclusion drawn from this study. Recommendations as well as future

research directions are also presented in Chapter 7 as well.
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REVIEW OF LITERATURE

2.1 Introduction

Overall discussion in this chapter could generally be divided into two main parts; the
first part focuses on dye and oily wastewater including the classification, sources and
impact of oil and dye wastewater on the environment and the possible remediation
technologies. The second part discusses the applicability of cationic surfactant
modified adsorbents for dye and oily wastewater treatment. The discussion includes
the chemistry of cationic surfactant, mechanism of cationic surfactant adsorption to
solid surface and the extensive review of previous work done on utilizing surfactant
modified adsorbents for removal of low polarity contaminants and anionic dyes from

aqueous solution.

Chapter 2: Review of Literature 5



2.2 OQils

Fats, oils, and waxes are naturally occurring esters of long straight-chain carboxylic
acids [37] which are normally derived from animal and vegetable materials.
Meanwhile, mineral oil usually consists of mixtures of high molecular paraffins,
naphtene and aromatic hydrocarbons with a certain admixture of tar and asphaltene
substances [38]. Oils derived from biological sources are normally polar and
biodegradable, whereas the ones originated from petroleum or mineral, basically non
polar forms are believed to be bioresistant [39]. Generally, oil can be classified into

five types as below [21]:

Mineral oil is a viscous liquid that is insoluble in water but soluble in alcohol or ether
and is flammable.

Petroleum is made up of gaseous, liquid and solid components and its viscosity
varies according to the mixture composition.

Animal oil is also known as fatty acids or fixed oil. In solid form, animal oils are
known as fats.

Vegetable oil is primarily derived from kernel or many other parts of plant materials.

Essential oil is a complex, volatile liquid derived from flowers, stems, etc.

2.3 Oily Wastewater

Oily wastewater can be described as the oil water mixture that is no longer useful. The
type of oil may refer to oil of any kind and any form, such as petroleum and non-
petroleum oils. The presence of oil in wastewater can be traced back to two main
sources; industrial and municipal sources. For the industrial wastewater, Patterson
[39] reported that major sources of oils in contaminated waters are petroleum, metals,
food processing, textiles and cooling and heating industries. Petroleum industry was
one of the principal industrial sources of oily waste. It may be resulted from
producing, refining, storing or transportation operation [40, 41]. In metal industry,
most of the oil generated from metal working or forming operation, where the oil is
used to cool the instruments, lubricate the cutting/grinding process or to dissipate
heats during the rolling of metals strip [40, 42]. Scouring of fiber especially wool in

the textile processing industry was reported as the main process contributing to the
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presence of oil in textile water [40]. In vegetable oil processing, main source of oil
waste came from the cleaning, screening and crushing of fruits, nuts or seeds to
extracted oil [43]. For municipal sources, oily waste is originated from food
preparation, garbage disposal and cleaning [40, 44]. The oil concentration present in
the various sources of wastewater is reported in Table 2.1. However, it is worth to
note that the concentration of oil is highly dependent on various factors such as the
size of the industry and the technology of manufacturing process employed. For the
oil and grease existed in food outlet, the varieties of food served and the timing of

sampling may influence the characteristics of the effluent.

Table 2.1. Concentration of oil in different sources

Source of wastewater Concentration (ppm) Reference
Palm oil Mill 4000-6000 [45]
Locomotive washing and maintenance 5066 [6]
Vegetable oil Processing 5000-10000 [43]
Pet food industries 52000-114000 [46]
Metal industries (Hot milling operation) 1080-3271 [42]
Poultry slaughterhouse 1500-1800 [47]
Chinese restaurant 120-172

Western restaurant 52.6-2100

American fast-food 158-799 [44]
Student canteen 415-1970

Bistro 140-410

It is crucial to identify the characteristics of oil existing in water as it may lead to the
effectiveness of the treatment that needs to be undertaken. The physical existence of

oil in wastewater could be classified into several modes as follows [48, 49]:

Free oil is termed as the oil which rapidly rises to the surface of the water under calm
conditions and has a droplet size of 150 microns or more.

Mechanical dispersion consists of fine droplets ranging in size of 10-1000 microns.
These droplets are electrostatically stabilized without the influence of emulsifying

agents.
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Chemically stabilized emulsified oil consists of fine droplets usually less than 20
microns and is stabilized in the presence of an emulsifying agent.

Dissolved oil consists of finely oil droplets less than 5 microns and usually refers to
the light end of the oil spectrum such as benzene, toluene and xylene.

Oil wet solids refer to the oils that adhere to sediments such as metal chaffing that are

common in industrial wastewater.

2.4  Emulsified Oily Wastewater for Environmental Concern

Oily waste always poses a challenge not only in petroleum or petrochemical industry
but in others as well, such as food, cosmetic and pharmaceutical production [50].
Even though the composition of oily wastes varies from one industry to another, but it
is important to note that a significant part of oily waste always exists in the emulsified
form which is often difficult to treat [49, 50]. For example, due to the open sea action,
about 40% of oil spill can become an emulsion in a single day and rapidly jump to
80% just after 5 days [40]. This is certainly a real issue, as oil emulsion is known for
its stability in aqueous phase [51] and can be possibly removed only by applying a
chemical clarification method [45, 51]. Oil emulsion is described as a heterogeneous
system in which the dispersion medium is water and dispersed phase is oil. It can be
mineral oils, mineral oils with admixture and fats [38]. Stable oil emulsion can be
formed once the oil comes into contact with water in the presence of an emulsifying
agent [5]. The term ‘stable’ refers to the capacity of oil droplets to remain an
independent entity within the dispersion [42]. This produces a milky white solution
which is one of the characteristics of stable oil emulsion [49]. The existence of
emulsified oil in wastewater leaves a very strong negative influence on the
environment and the efficiency of wastewater treatment technology. It may reduce the
effectiveness of membrane separation [50], blind the pores of adsorbent material (i.e
activated carbon) in adsorption and filtration process [19, 52] and interfere
microorganism in biological wastewater treatment units [6, 53]. Generally, the
suitable method for oily wastewater treatment was depended on four wastewater
parameters, which are oil droplet size distribution, droplet velocity, concentration of
oil in wastewater, and emulsion [54]. As vegetable oil, fats and petroleum oil share

common chemical and physical properties, they cause the similar environmental
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effects. They can also contain toxic components and produce similar acute toxic

effects, chronic toxicity, and carcinogenicity [55].

25 Dyes

Dyes can be said to be colored, ionizing and aromatic organic compounds which show
an affinity towards the substrate being applied. All commercial dyes are organic
chemicals. Dye molecules consist of two key components; chromophore which is
responsible for producing color and the auxochromes which supplement the
chromophores as well as render the molecule soluble in water and enhance favorable
bonding affinity [9]. Together, the dye molecule is often described as a chromogen.
The absorption and reflection of visible and UV irradiation is ultimately responsible

for the observed color of the dye [56].

There are several ways for classification of commercial colorants. It can be classified
in terms of color, structure and application method [57]. However, due to the
complexities of the dye nomenclature from the chemical structure system, the
classification based on application is often favorable [9]. The classification based on
chemical structure for the common class of the dyes is presented in Table 2.2 whereas
Table 2.3 summarized the dye different application classes and chemical types [58].
Other than the above, dyes are also usually classified based on their particle charge

upon dissolution in aqueous application medium (dyebath) [59, 60] as follows:

i.  Anionic (direct, acid, and reactive dyes)
ii.  Cationic (all basic dyes)

iii.  Nonionic (dispersed dyes)
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Table 2.2. Classification of dyes according to the chemical structure

Class Chromophore Example
OH
) //O N0
Nitro dyes —N [
- .
0 :
NG,
Acid Yellow 24
NO
Nal,S OH
Nitroso dyes —N= @@
Acid green 1
Q
MaOﬁOCH,CH,—%—@—N:N SO4Na
i s
Azo dyes —N=N—
o)
MOBSDCHZCHE—%®N=N 'SO4Na
o]
Reactive Black 5
0
| Nye <
Triarylmethane dyes y JC
9 poaew
Basic red 9
o H
| Nz
Indigoid dyes @ = |
s N = S0Ma
H 0
I _803H al
; SO;H
Anthraquinone dyes O‘ P | NF H,lu-
|
& 0 NH- Sy HJ&NJ\“
Reactive Blue 4
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Table 2.3. Application classes of dyes and their chemical types [58]

Class Substrate Method of application Chemical types
Azo (including
Nylon, wool, silk premetallized),
Acid aper ’i ks a’n d ’ Usually from neutral to acidic  anthraquinone,
{)ezﬁhe,r bath. tryphenylmethane, azine,
’ xanthene, nitro and
nitroso.
cyanine, hemicyanine,
Paper diazahemicyanine,
. polyacrylonitrile, Applied from acidic dye dllphenylmethane, .
Basic . triarylmethane, azo, azine,
modified nylon, baths. .
olvester and inks xanthene, acridine,
poly ' oxazine and
anthraquinone.
Reactive site on dye reacts .
) . Azo, anthraquinone,
. with functional group on fibre :
. Cotton, wool, silk . phthalocyanine,
Reactive to bind dye covalently under .
and nylon. . formazan, oxazine and
influence of heat and pH basic
(alkaline). ’
Cotton. ravon Applied from neutral or
Direct aper ieat}lller,an d slightly alkaline baths Azo, phthalocyanine,
E Il)on, containing additional stilbene, and oxazine.
yion. electrolyte.
Fine aqueous dispersions
Polyester, often applied by high Azo, anthraquinone,
Dis Ivamid tat temperature/pressure or lower vl it d
perse  polyamide, acetate, . _ styryl, nitro an
acrylic and plastics temperature carrier methods; benzodifuranone
" dye maybe padded on cloth '
and baked on or thermo fixed.
Siitilsc;é sg?zzlciﬁz,rs Azo, triphenylmethane,
Solvent stains inlés fats > Dissolution in the substrate anthraquinone, and
oils z;nd W;XCS., phthalocyanine
Aromatic substrate vatted with
Sulphur  Cotton and rayon s0(.11um sulfide and reox1.d 'z ed Indeterminate structures
to insoluble sulfur-containing
products on fibre
Water-insoluble dyes
Cotton. ravon and solubilised by reducing with Anthraquinone (including
Vat - T3y sodium hydrogensulfite, then  polycyclic quinines) and

wool

exhausted on fibre and
reoxidized

indigoids
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2.6 Dye Wastewater

Wastewater is the major route where the dyes can enter the environment [61]. Huge
amounts of dye contaminated water were generated as the result of substantial usage
of dyes in quite processes. Many industries such as dyestuff, textile, paper, printing,
carpet, plastic, food and cosmetic industry use dyes to provide color to their products
[7, 62, 63]. These dyes are invariably left in industrial waste and consequently
discharged mostly to the surface water resources [64]. In 1991, 668 million tonnes of
dyestuff were sold annually, where 214 tonnes of them were acid and reactive dyes.
This accounted over 30% of total sales [65]. The percentage fixation for each type of
dye shown in Table 2.4 [66] indicates the relatively poor fixation of both acid and
reactive dyes. The unfixed dyes of about 5-20 and 10-50% for acid and reactive dyes
respectively may finally end up as an effluent. Factored with the overwhelming
majority of acid and reactive dyes currently in use [63, 65], their impact to the

environment should be seriously addressed.

Table 2.4. Estimated degree of fixation for different dyes [66]

Dye class Fibre Degree of fixation (%)
Acid Polyamide 80-95
Basic Acrylic 95-100
Direct Cellulose 70-95
Disperse Polyester 90-100
Reactive Wool 50-90
Sulphur Cellulose 60-90
Vat Cellulose 80-95

2.7 Dye Wastewater for Environmental Concern

Colored wastewater no doubt will cause uneasiness to the public, as color wastewater
was always presumed as hazardous and not safe. Due to highly visible, color is the
easiest contaminant to be recognized in wastewater [67]. In fact the presence of very
small amount of dyes in water, in some cases less than 1 ppm, is easily visible and
enough to capture attention of both public and authorities [3]. These is alarming as

typical discharge of textile processing effluent is about 10-200 mg L™ [68]. Put
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aesthetically unpleasant aside, the existence of dye wastewater actually causes greater
damage. It can reduce the penetration of sunlight into the water body, thus affect the
growth of bacteria that are responsible for biologically degrade the impurities in water
and may hinder the photosynthesis activity in aquatic plants [69-71]. Moreover, large
numbers of dyes are found to be toxic and carcinogenic thus pose a serious threat to

the environment especially aquatic living organism [70].

In this work, acid and reactive dyes were chosen as these dyes are largely used, and
their removal efficiency is still a major concern especially to the conventional
treatment facilities [71]. This is partly because the dyes were designed to be resistant
to degradation or fading by oxidizing agent, high temperature and enzyme
degradation (especially from detergent washing) [72]. Acid dyes contain free acid
groups, which are ionized in the aqueous application medium (dyebath). They are
generally used to dye polyamine, wool, or silk and are primarily azo, anthraquinone,
or triarylmethane structures [61]. Reactive dyes contain a reactive group that forms a
covalent bond with a group on the substrate, usually hydroxyl or amine. Fiber reactive
dyes are often of azo or anthraquinone type [61]. From acid and reactive dyes, Acid
Blue 40 (AB40), Reactive Blue 4 (RB4) and Reactive Black 5 (RB5) were selected.
According to basic chromophoric structures, RBS5 is classified as an azo dye whereas
AB40 and RB4 are anthraquinone dyes (Table 2.5). Both of these dyes have been
popularly used especially in textile industries, where azo dye is the largest class of
textile dyes used at about 60-70% followed by anthraquinone dyes (15-20%) [73, 74].
These groups of dyes are favorable as they offer a variety of color shades and easy of

application [73].

The effect of azo and anthraquinone dyes on the environment deserves a special
attention as they are widely used and show a low degree of fixation rate. Except for
some of the dyes with free amino groups, azo dyes in purified forms seldom directly
mutagenic or carcinogenic [75]. In spite of this, they could be degraded with bacteria
under anaerobic and aerobic conditions and create toxic aromatic amines [76, 77]
which are mutagens and carcinogens [77]. Compared to azo dyes, anthraquinone dyes
own more stable structures, higher resistance to decolorization, and lower

biodegradability [74, 78]. The low degradability of this dye is due to their fused
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aromatic ring structure, thus allowing the color to remain longer in effluent [3].
Anthraquinone structures may be responsible for acute toxicity, mutagenic and
carcinogenic effects when exposed to aquatic life [79]. Due to that, the release of

anthraquinone dyes will considerably contribute to the environmental pollution.
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Table 2.5. Some of the information of the dyes used in this work

Dye Chemical formula MW Amax Color Index Chemical
(gmol ™) (nm) (C.) Classification
O NH;
S0,Na
Acid Blue 40 (AB40) Iii illl 473.4 610 62125 Anthraquinone
H
Reactive Blue 4 (RB4) 637.4 595 61205 Anthraquinone
I
NaO3SOCH,CH,—S
ll,
Reactive Black 5 (RB5) 991 8 591 20505 Azo




2.8 Remediation of Oily and Dye Wastewater

Due to the detrimental effects of oily and dye wastewater on the environment, the
treatment of oily and dye wastewater becomes highly necessary. Various techniques
of removal of oily [12, 80, 81] and dye wastewater [7, 63] have been extensively
reviewed by many authors. Treatment for oily and dye wastewater could be classified
into several categories. Depending on the nature of wastewater, the treatment may
involve more than one particular category. However, it is important to take note that

the available technique is not restricted to the below mentioned only:

i.  Physical treatment
ii.  Chemical treatment

iii.  Biological treatment

2.8.1 Mechanical/Physical separation

Mechanical/physical separation is a separation process in which a substance is
removed from a mixture by physical means. A physical process usually treats
suspended, rather than dissolved pollutants. It may be a passive process, such as
simply allowing suspended pollutants to float to the top naturally or by allowing
pollutants to pass through filtration medium [82]. Air flotation and filtration are

among the techniques of physical separation.

2.8.1.1 Air flotation

The systems are operated by increasing the difference in specific gravity between the
pollutants particles and water by blowing fine air bubble through the wastewater [54].
Air bubbles become attached to the suspended particles buoying them up to the
surface of the water where they are removed by skimming. Flotation can be classified
as follows: dispersed-air flotation (DispAF), dissolved-air flotation (DAF), and
electroflotation depending on the method used to generate the bubbles [82]. In
DispAF, compressed air is forced through the pores of sintered-glass disks in order to
produce bubbles with diameters usually ranging from 75 to 655 um [83]. In DAF,
wastewater is saturated under pressure with air. Upon released of pressure through
needle valves into the flotation cell at atmospheric pressure, the bubbles of

approximately 30-120 um in diameter was formed and rise to the surface of the liquid
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[12]. Electroflotation involves the electrolysis of water. Bubbles of H, are formed at
the cathode and bubbles of O, are formed at the anode. As for the electrical
consumption, the hydrolysis of wastewater generally consumes significantly less
electrical energy than tap water due to the existence of salts [12]. This method
generates bubble diameters ranging from 22 to 50 um, depending on the experimental

conditions [84].

For emulsified oil wastewater, air flotation was usually used after the oil emulsion had
been destabilized. The usefulness of flotation in oily wastewater treatment has been
extensively reported [85]. This method is usually employed for removing large
quantities of fats, oil and grease (FOG), for example from dairy industry due to its
capability in handling shock loads of oil [40]. Li et al. [86] applied this flotation
principle in their work for removal of emulsified oil originated from an oil field. The
separation study was performed in a long and narrow separation column in an effort to
improve oil droplets and air bubble contact. By demulsification of the oil using a

chemical treatment, a decent oil removal of 90% could be achieved.

For dye effluent, air flotation technique was usually applied after the particles had
been destabilized. Due to the low density of color flocs formed after coagulation
process, flotation was preferred as an alternative to sedimentation [87] where the
hydrophobic dye flocs would adhere to the bubble surface and rise to the top of the
liquid phase [82]. Recent work on applicability of air flotation in remediation of dye
wastewater has been conducted [83, 88] showing the removal of dyes by flotation was
closely related to the characteristics of wastewater such as pH, background electrolyte
and surfactant concentration [88]. Dafnopatidou and Lazaridis [83] further observed
that with assistence of chemical treatment, DAF could manage to remove more than
97% of dyeing mill effluent. However, surfactant rich dye wastewater could not be

satisfactorily decolorized due to the exceptional foaming.
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2.8.1.2 Filtration

The membrane separation process is based on the presence of semi permeable
membranes consisting of either thin polymer or ceramics with pores in a certain
range [82]. The membrane allows water to flow through while it blocks suspended
solids and other substances. Membrane technique was applied on a number of
applications mainly for the treatment of complex industrial wastewater [12].

Categories of typical membrane are presented in Table 2.6:

Table 2.6. Typical characteristics of membrane processes [82]

Process Operating Pore size Molecular weight  Size cut-off
pressure (Bar) (nm) cut-off range (nm)
range(Dalton)
Microfiltration (MF) <4 100-3000 >500,000 50-3000
Ultrafiltration (UF) 2-10 10-200 1,000-1,000,000 15-200
Nanofiltration (NF) 5-40 1-10 100-20,000 1-100
Reverse osmosis (RO) 15-150 <2 <200 <1

Micro filtration (MF) and ultra filtration (UF) are favorable for removal of larger
particles, meanwhile for dissolved particle such as dissolved salts; nano filtration (NF)
and reverse osmosis (RO) are usually applied. Unlike, MF and UF with separation
being based on pressure to overcome the hydraulic resistance, separation in NF and
RO will take place by diffusion via membrane based on the difference in potential

side [89].

Some works on application of membrane filtration for treatment of oil emulsion have
been reported. MF and UF is mostly reported, meanwhile less work on NF and RO
[12]. The use of membrane separation for producing water which having a large
percentage of emulsified oil was reviewed by Fakhru’l-Razi et al. [41]. Compared to
other techniques for oil emulsion removal, membrane filtration has clear advantages
as such no chemical is needed to destabilized the oil emulsion, high removal
efficiencies and treatment facilities are quite compact and mostly fully automatic [90].
However, it is prone to failure. Most of the fouling/membrane failure was due to the
oil adsorption on membrane walls, gel formation, pore blocking by oil droplets, salt

presence, pH, temperature, shear stress and pressure [12, 91].
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A number of pressure-driven membrane processes, including microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis. were thoroughly investigated for
treatment of dye wastewater [92], They offer the advantage to clarify, concentrate and
separate dye simultaneously from effluent [59]. Even though, MF and UF are able to
remove colored wastewater completely, however, the permeate can not reuse in the
production plant as this type of membrane not efficiently block dissolved solids such
as dissolved salt and surfactant [90]. NF and RO was found capable of removing
dissolved solids, however low permeability of RO membrane requires high pressure
thus consuming relatively high energy [93]. In general, the usage of membrane
technique needs careful considerations as the membrane must own specific features
such as resistant to temperature, chemical and microbial attack [3]. Other than that,
the residue left after separation may pose problems such as disposal, possibility of
clogging and replacement of membrane [59, 94]. In short, membrane fouling is the

most significant problem with all membrane filters. This is due to [82, §9]:

i. Build-up contaminants from the feed water deposit on the membrane surface
ii. Formation of chemical precipitates due to chemistry of feed water

iii. Damage of membrane due to reacting with chemical substances presence

The types and amounts of fouling are dependent on many different factors, such as

feed water quality, membrane type, membrane materials and process design and

control [89].

2.8.1.3 Sorption

The research on the applicability of sorption technique to treat oil emulsion in
wastewater had been demonstrated by many works [22, 95, 96]. Various sorbent
materials including agricultural based material [29, 97], inorganic based [98, 99], and
synthetic material [100] were tested. It was reported that the hydrophobicity of the
adsorbent surface and others contributed to the sorption of oil onto the surface [97].
Out of various sorbent materials, activated carbon was reported as the most widely
used material for emulsified oil removal [22, 101]. However, it lacks the efficiency as

the oil will easily blind the pores [19].

Chapter 2: Review of Literature 19



For dye wastewater removal, sorption technique using activated carbon was also
reported as the most widely used method [102]. However, using activated carbon as
an adsorbent is not economical due to its cost and regeneration difficulties [20]. Thus,
various types of material have been tested for removing dyes in wastewater. Large
numbers of works utilizing an adsorbent material from various sources such as
agricultural waste, mineral base and synthetic have been reviewed and some were
found to give good potential on dye wastewater decolorization [7, 63, 103]. The dye
molecules may attach to adsorbent surface either by physical or chemical forces [7,
8]. The color removal efficiency however, depends on many factors such as chemical
structure of dyes, solubility, pH and temperature of dye effluent and other

physicochemical parameters [103].

2.8.2 Chemical method
Chemical technique is a separation process that removes or separates a substance from
a sample that involves differences in the chemical properties of the substances. This

technique involves chemical coagulation, ozonation, Fenton reagent oxidation etc.

2.8.2.1 Chemical coagulation

Chemical coagulation is a process in which chemicals are added to an aqueous system
for the purpose of creating rapid-settling aggregates out of finely divided, dispersed
matter with slow or negligible setting velocities [104]. They are generally used to
eliminate organic substances from wastewater. The principle function of chemical
coagulation is known as destabilization, aggregation, and binding together of colloids.
Alum, or aluminium sulphate, (Al(SO4)3;-18H,0) is one of the most common
coagulants which may be added to a water system. The larger, heavier flocs particles
settle, and can then be removed by subsequent settling and filtration [105]. Various
inorganic coagulants are used, mostly lime, magnesium, iron and aluminium salts.
Factors, which can promote the coagulation are the coagulant types, coagulant dosage,
the solution pH, concentration and nature of organic compounds [106, 107].

For oily wastewater, this technique is usually employed when dealing with chemically
stable emulsified oil [12]. From the various work done, it was easily observed that
most of the researchers applied a combination of more than single method to get a

desired result [108, 109]. Most of the work combines chemical and physical methods.
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Chemicals are commonly used for the treatment of oily wastewater to enhance
mechanical treatment. They are used to precipitate emulsifying agents, to affect the
interfacial tension, to neutralize electrical charges and to adjust the pH [110]. The
chemical method such as coagulation is used to promote the break up of the oil
emulsion by reducing the superficial charge of the oil droplets, causing the
coalescence of oil droplets [111] and the physical method such as flotation,

flocculation and filtration is used to physically remove oils from wastewater.

Coagulation is often applied to dye wastewater either as a main treatment process
[112] or as a post treatment to compliment other treatment processes [113, 114]. It
was reported that, inorganic coagulant does not perform well for highly soluble dyes
(i.e reactive dyes) [115]. However, polymer base organic coagulant was proven
effective as a dye coagulant, including reactive dyes. High cost of the coagulants and
the difficulty of disposing of the larger amount of the sludge produced by this process
caused it to be abandoned [104].

2.8.2.2 Ozonation

Ozone is a molecule that consists of three negatively charged oxygen atoms. The
ozone molecule is very unstable and has a short half-life of 20 minutes, causing it to
fall back into its original form after a while. Ozone can be artificially created through
an ozonation process unit including an oxygen generator [105]. Ozone, a strong
oxidizing gas, reacts with most organic and many inorganic molecules [105]. It is
capable of degrading chlorinated hydrocarbons, phenols, pesticides and aromatic
hydrocarbons [94] and also microorganisms such as viruses, bacteria and fungi [116].
Ozone is mainly applied in waste water and drinking water purification, for
disinfection purpose as a replacement to chlorine in Europe [116]. The pH of effluent
plays a major role as the decomposition of ozone requires high pH (>10), therefore
the treatment of organic molecules is favorable in alkaline solutions than at neutral or
acidic [117, 118]. Ozone is extremely toxic and safety equipment capable of
monitoring ozone in the atmosphere, as well as a ventilation system that prevents

ozone levels higher than 0.1ppm, are required [105]
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Like other treatment techniques, the oxidation of oily wastewater utilizing ozone was
an attractive solution. It offers huge advantage as oils are directly destroyed in
wastewater thus the limitation of oil loading are not an issue anymore [38]. Ozone

attacks the organic compounds basically in two ways [119]:

i.  Direct attack by molecular ozone: Reaction of ozone with alkenes result in
final products of aldehydes, carboxylic acids, ketones, and/or carbon dioxide
ii.  Indirect attack by free radicals: Decomposition of ozone in water leads to the

formation of secondary oxidants such as hydroxyl ion.

Gunukula and Tittlebaum [120] observed that ozone treatment alone is capable of
reducing oil and grease and petroleum hydrocarbon up to 86%, whereas 50% was
achieved by utilizing only oxygen. They also observed the efficiency improvement if
increasing ozone dosage rate [120]. However, in most oily wastewater treatment
processes, the ozonation treatment was accomplished with another technique of
treatment. Karageorgos et al. [121] conduct a study on the treatment of olive oil
manufacturing waste (OMW) by utilizing ozone with another oxidation agent, UV.
They found the treatment could substantially reduce the concentration of phenols
exceeding 80% as well as decolorizing the effluent after relatively short treatment
time. However, complete mineralization proved difficult even at reduced organic feed
concentrations and increased oxidant doses. At the conditions employed in the study,
COD removal varied from as little as 10% to about 60%. Andreozzi et al. [122] also
observed the combination of O3;/UV for mineral oil contaminated wastewater
providing 80 to 90% removal of the inlet COD with reaction time less than 30 min.
Meanwhile, Chang et al. [90] utilized ozone to compliment the ultrafiltration
treatment to partially oxidized the surfactants in UF permeates in an effort to reuse the
UF permeate as process water. Generally, the efficiency of oily wastewater
remediation was influenced by many circumstances such as the origin of oily
wastewater, dosage of the ozonation and the other accompanying treatment.

For dyes, ozonation process is preferable for soluble dyes (double bonded dyes
molecule) as it normally attack dye double bonds which are responsible for coloration
[123]. After this process, the effluent become colorless and suitable to directly

discharge to waterways [94], as it has only oxidized substances, and byproduct
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formation rarely occurs. Therefore, the significant advantage of ozone treatment was
the fact that ozone is gas therefore no drastic increase in volume of wastewater and
sludge was expected. Even though ozone was able to rapidly decolorize soluble dyes
such as reactive and acid dyes, however, it reacts much slower for non soluble dyes
(i.e vat dyes and dispersed dyes) [124]. Moreover, textile effluent may contain other
pollutants/constituents, i.e inorganic salt, surfactant that have a possibility to react
with ozone which may subsequently increase ozone consumption [64, 125]. Due to

this, ozonation process is usually done at final stage/post treatment [126].

2.8.3 Biological method

Biological treatment, either aerobic or anaerobic, is generally considered to be the
most effective means of removing bulk pollutants from complex and high-strength
organic wastewater [14]. Most often, the degradable substances are organic in nature
and may be present as suspended, colloidal or dissolved matters [127]. Even though,
the biological treatment offers considerable advantages such as relatively inexpensive
process, low running cost and non toxic end products [63]. The fact that this treatment
required large land area, as well as less flexibility in design and operation, makes the
application restricted [7]. Certain pretreatment may also be applied if toxic substances
are present in influents, to lower the levels of these contaminants as microorganisms
present in these processes can not tolerate to the certain level of the contaminants

[127].

Biological treatment for oily wastewater is generally applicable for dissolved oils and
other types of stabilized emulsions, which cannot be destabilized by chemical
coagulants. Several works have found that biological technique had offered an
attractive solution to remediation of oily wastewater [128, 129]. It was observed as
effective in degrading fat, oil and grease into miscible molecules [128]. However, it
faces several limitation such as blocking the oxygen transfer by the formation of a
lipid coat around the floc [130, 131]. The agglomeration of fats in the activated sludge
system may affect the sedimentation and reduce the efficiency of the treatment station
[132]. Due to this, the need of pretreatment prior to the aerobic treatment is necessary.
The use of alkaline/acid/enzymatic to hydrolyse the oil and grease prior to the

biological treatment was reviewed [133] and was found capable improving the
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biological degradation of fatty wastewaters, accelerating the process and improving

time efficiency.

Compared to aerobic treatment, anaerobic treatment perhaps gets more attention as it
produces less biomass and biogas(methane) [134]. However, the anaerobic treatment
for oils and fats does have some problems as well and these have been reported by
Petruy and Lettinga [135]. The disintegration of sludge due to the adsorption of fats,
causes the granular sludge flotation of sludge and washout [136]. The overloads of
fats and oils also greatly disturb the bacteria treatment efficiency [5, 6]. Recently, the
application of Upflow Anaerobic Sludge Blanket(UASB) for oil and grease
containing wastewater was favorable [137, 138] as the UASB has an advantage such
as relatively lower hydraulic retention time compared to traditional anaerobic reactor.
Due to this, the utilization of both anaerobic and aerobic treatment in remediate the oil
and grease containing wastewater had been explored by many researchers [137, 138].
The good quality effluent for anaerobic and aerobic systems was observed in many
works [137, 139]. Wahaab and El-Awady [138] for example found that the removal
percentage of oil and grease was improved from 58% using UASB alone to 91% after

integrating with aerobic treatment.

As dyes were designed to be stable and lasting, thus it is not easily biodegraded. So,
the conventional biological wastewater treatment systems are inefficient in treating
dye wastewater [76]. Majority of dyes were observed to be non biodegradable or non
transformable under aerobic condition [14]. For degradability of the various dyes, 87
dyestuffs under aerobic condition were successfully conducted by Pagga and Brown
[140]. By utilizing bacterial inoculate derived from an aerobic effluent treatment
plant, they found that no dyestuffs show any significant biodegradation under these
conditions [140]. This was because the majority of the dyes are chemically stable and
resistant to microbial attacks [63]. Azo based dyes for example, are generally
resistible to aerobic bacterial degradation [141, 142]. Works found that reduction
under anaerobic conditions managed to breakdown the azo linkage and produced
aromatic amines; colorless but potentially harmful compounds, however, can be
biologically degradable under aerobic condition [143-145]. Unlike azo based dyes,

anaerobic treatment was less efficient for anthraquinone [71] due to the stability of
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structural characteristics and the ability of dyes to inhibit anaerobic microorganism
[146]. Due to the prolong treatment time that may take a few days for decoloration,
biological treatment was found incapable of removing dye effluent in continuous
basis [7]. The potential of using combination of aerobic and anaerobic treatment
seems sensible and was explored by several researchers [145, 147]. Higher removal
and in several cases up to total removal was observed for this integration treatment
system. However, the removal efficiency varies for each type of the azo dyes [145,
148, 149]. As for anthraquinone dyes, the removal was mainly due to the adsorption

onto bacterial flocs materials rather than reduction degradation [150].

2.9 Adsorption

Adsorption can be generally described as adhesion of extremely thin layer of gaseous
molecules, dissolved substances, or liquid (referred as adsorbate) to the surface of
solids (refer as adsorbents) which they are in contact [151]. Adsorption can be
classified into two [152]; physical sorption and chemical sorption. Physical adsorption
or physisorption is characterized by weak interparticle bonds (i.e van der Waals,
hydrogen and dipole-dipole) exist between adsorbate and adsorbent [8] thus physical
adsorption is often reversible [152]. Chemical adsorption or chemisorption meanwhile
is characterized by the formation of strong chemical associations between ions or
molecules of adsorbate to adsorbent surface, which is mainly due to the exchange of
electrons [8] thus irreversible in most cases [152]. Factors that influence the
adsorption efficiency include adsorbate adsorbent interaction, adsorbent surface area,
adsorbent to adsorbate ratio, adsorbent particle size, temperature, pH and contact time
[7, 8]. As for environmental remediation purpose, adsorption is widely used for
equilibrium separation process and is an effective method for water decontamination
applications [8, 153]. Adsorption has been found to be superior to other techniques for
water re-use in terms of initial cost, flexibility and simplicity of design, ease of
operation and insensitivity to toxic pollutants. Adsorption also does not result in the

formation of harmful substances [7].

For packed column scenarios, adsorption could be depending on the effective contact
of solute with packed adsorbent material. An adequate and good distribution of the

solute in packed column is important to maximize the adsorbate to adsorbent contact.
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The movements of solute in packed bed column could generally be described by
dispersion and diffusion mechanism [154]. Dispersion is generally contributed by
velocity variations in porous media. The factors that influence the dispersion
efficiency may depend on the length of the packed column, viscosity and density of
the fluid, ratio of column diameter to particle diameter, ratio of column length to
particle diameter, particle size distribution, particle shape, fluid velocity and
temperature [155]. Diffusion meanwhile is a molecular mass transport process in
which solutes move from the areas of higher to lower concentration. Resistance due to
the diffusion may be contributed by boundary layer that exists on particle surface and
includes the intraparticle diffusion that describes the potential of solute to diffuse into
the inner portion of particle via surface diffusion, pore diffusion, or both [156]. Solute
will be distributed radially and axially by a variety of mechanisms in addition to
molecular diffusion once it flows through the packed column material [157, 158].
Generally, the dispersion coefficient in axial direction is superior to the dispersion
coefficient in radial direction for larger Reynolds number values ( i.e more than 10).
Whereas, for lower values of the Reynolds number (i.e less than 1), the two dispersion
coefficients are approximately the same and equal to molecular diffusion coefficient
[155]. At very low flow rates, the dispersion process is usually dominated by
molecular diffusion [158]. Dispersion effect could be minimized by ensuring the
uniformly radial distribution of solute at column inlet which will help evenly
distribute the liquid over a section of packing thus increasing the efficiency of the

mass transfer [155].

2.10 Agricultural Waste as an Adsorbent

Development of low cost adsorbent materials based on agricultural waste/byproducts
has been studied in the past few decades [7, 103]. Adsorption utilizing agricultural
byproduct is exciting as it offers various advantages such as abundantly available at
no or very low cost, simple technique, little processing cost and ability to
biodegradation [103]. Due to their low cost, these materials can be disposed of
without expensive regeneration [159, 160]. Bailey et al. [159] further added that the
sorbent can be assumed as ‘low cost’ if it requires little processing, abundant in
nature, or a by-product or waste material from another industry. As a lignocellulosic

material, which is rich in cellulose, hemicellulose and lignin, agricultural waste has a
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huge potential to be an efficient adsorbent as it consists of lots of polymeric material
that posses a variety of functional groups [161]. Groups such as carboxyl, hydroxyl,
sulphate, phosphate, ether and amino groups on agricultural wastes can act as binding
sites [23, 27]. However, the application was limited as it performed poorly in some
areas such as remediation of organic pollutants [29] and anionic contaminants [162].
Even though it works with other contaminants such as heavy metals and certain type
of dyes, most of the works demonstrated that raw agricultural waste materials often
exhibited low sorption capacity [163]. In addition, agricultural waste contributes to
the release of soluble organic compounds in water [27, 164] bringing in secondary
pollution. Due to this, it seems justified for agricultural waste to be modified for better
application. Various options of modification either physically or chemically have
been explored by a number of researchers in an effort to address the shortcoming of

utilizing raw agricultural wastes [8, 165].

2.11 Modification of Agricultural Waste

Pretreatment of lignocelluloses materials such as agricultural waste utilizing a base
solution has been demonstrated by many works to be efficient [165, 166] and has
been a favorable method in improving the surface properties of plant waste [167,
168]. Washing with a base solution could help in improving sorption capacity of

lignocellulosic material in many ways:

i.  Causes carboxylic groups on the cellulose surface bare to convert H' type of
functional groups into Na' type allowing the cations to react more easily
[169].

ii.  Breaks down the complex lignin structure thus allows more cellulose and
hemicellulose available for binding activities [166].

iii.  Turns the less active ester groups into active carboxyl groups via hydrolization
and saponification reaction. The simplified reaction of hydrolization [170] and
saponification [171] could be describes in Egs. 2.1 and 2.2 respectively, where

R represents all the components in the biomass.

RCOOR' + H,0 —» RCOO™ +R'OH 2.1)

RCOOCHs+ NaOH *— RCOO + Na* + CH;OH (2.2)
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Apart from the above, base treatment of lignocellulosic material is also responsible
for increasing a surface area, lowering the degree of polymerization, separation of
structural linkages between lignin and carbohydrates and disruption of the lignin
structure [170]. In addition, extraction with diluted caustic soda solutions at mild
conditions may provide stability to the material by removing soluble substances with
low molecular weight [168]. However, the concentration of base solution applied
needs to be considered seriously as the marginally high concentration of the base

solution used may damage the adsorbent structure thus reduce effectiveness [172].

Raw agricultural waste also proves to have less affinity to remove chemically stable
emulsified oil in wastewater [29], thus modification of raw waste seems necessary to
boost its performance. Some satisfactory findings made on applying cationic
surfactant modified adsorbent for oil [19, 21, 22, 29] and dye removal [32, 162, 173]
prompted us to consider the similar technique of treatment. Even though it may cause
additional cost of processing, improving in sorption capacity and the versatility to
work with different contaminants may compensate that. In an effort to better
understand the concept of solid surface-cationic surfactant modification, the
knowledge of surfactant chemistry and the adsorption mechanism of surfactant at

liquid solid interface are greatly required

2.12 Chemistry of Cationic Surfactant

Surfactant molecules are composed of a strongly hydrophobic group combined with a
strongly hydrophilic group. The hydrophilic group is strongly polar or charged
referred as the ‘heads’ meanwhile the hydrophobic group is a non polar group known
as ‘tails’. Therefore, they are soluble in both organic solvents and water [174].
Surfactants are classified according to their head groups as anionic, cationic, nonionic,
and zwitterionic(dual charge) [174, 175]. Surfactants are dissolved in water and exist
as a monomer at lower concentration. As the surfactant concentration increases, the
monomers will form self assembled aggregates which are known as micelles. The
micelles vary in size and shape, but are commonly rough surfaced spheres with
aggregation numbers at the order of 50-100. The surfactant concentration at which
micelles begin to form is known as the critical micelle concentration or CMC. In

short, a surfactant exists as a monomer at the concentration below CMC or as micelles
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at the concentration above CMC [174, 176]. Cationic surfactants consist of positively
charged head group and hydrophobic tails group thus allowing it to interact on
negatively charged solid surface. Different types of cationic surfactants and their
CMC are shown in Table 2.8 and a schematic diagram of cationic surfactant monomer
and micelles is shown in Fig. 2.1 where the black circles represent the positively
charged surfactant heads (hydrophilic moieties) and the black curved lines represent

the surfactant tails (hydrophobic moieties).

Surfactant Surfactant
Tail N Head
§ "
”L. — »
J) ~8 .——"L R
| T

Surfactant Monomers MiceHe

Figure 2.1. Schematic illustration of a surfactant monomer and a micelle structure in

aqueous solution [177].
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Table 2.7. Characteristic of some cationic surfactant [176]

Surfactant name Structural formula Acronym cmc (mM) cmc (mM)
10 mM salt
Cetyltrimethylammonium bromide C,¢H33N"Me;Br - CTAB or HTAB 0.9 0.15
Cetyltrimethylammonium chloride C1¢H33N " Me;Cl - CTAC 1.1 0.3
Cetylpyridinium bromide C16H33N+(C2H2)2CHBr' CPBr 0.7 0.1
Cetylpyridinium chloride C16H33N+(C2H2)2CHC1 ) CPC 0.8 0.15
Tetradecyltrimethylammonium bromide C4HoN"Me;Br - MTAB, C,TAB 3.6 2.1
Dodecyltrimethylammonium bromide C,H,sN"MesBr - DTAB or C;,TAB 15.3 11
Dodecylpyridinium chloride C,HysN"MesCl- DPC 14.7 10.5
Didodecyldimethylammonium bromide (C12Hs):N"Me,Br DDAB 0.05 -
Benzyldimethyloctylammonium bromide CgH,;,N"CH,C¢HsMe,Br BDOAB — -
Benzyldimethyldodecylammonium bromide C,H,sN'CH,C¢HsMe,Br BDDAB 5.6 -

Methyl groups (CH;) are abbreviated to M



2.13 Modification of Solid Surface with a Cationic Surfactant

The adsorption of a surfactant at solid surface has been extensively studied by many
researchers [176, 178-181] as the sorption of the surfactant will change the properties
of the solid especially at the interface [182]. The orientation of a surfactant on the
solid surface was largely depending on the concentration of the surfactant used [176,

179, 183].

2.13.1 Binding mechanism

Understanding of cationic surfactant sorption mechanism on solid surface was crucial
to study the interaction of modified surfactant with target pollutants. In general the
sorption mechanisms of an ionic surfactant on solid surface involve both ion exchange
and hydrophobic bonding [176, 178, 181]. As illustrated in Fig. 2.2, Alkan et al. [184]
suggested that, at the concentration of ionic surfactant well below CMC, surfactant
monomers are ion pairing with head-groups in contact with the surface to form
incomplete monolayer and the surface excess can be determined by the surface
charge. As the concentration of a surfactant increases, a complete monolayer has been
formed and the surface charge has been neutralized. With further increasing of bulk
concentration of monomers, surfactant monomers then formed hydrophobic bonding,
where the monomers previously adsorbed act as an anchors (nucleation sites) for the
formation of incomplete bilayer on the solid surface (admicelle). Above the CMC, the
formation of fully formed aggregates and saturation level of surface coverage was
observed. Further increasing the surfactant concentration resulted in the increase in
concentration of surfactant micelles, thus insignificant change was observed in the
adsorption density [185]. Besides surfactant concentration, there were other factors
that influence the behavior of the cationic surfactant-solid interaction such as structure
of adsorbent itself, (i.e. porosity, ion exchange capacity, hydrophobicity), the
properties of surfactant used, i.e. type of surfactant, head group, hydrocarbon chain

length and others. [176, 178, 183].
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Figure 2.2. Adsorption of cationic surfactants onto perlite samples: (a) at low surface
coverage, (b) of the point of zeta potential reversal, (c) at monolayer coverage, (d) at
high surface concentration [184].
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2.14 Surfactant Modified Adsorbent for Environmental Concern

The main reason for the modification of barley straw was that the raw agricultural
waste possesses net negative surface charge [186] thus it has little ability to remove
negatively charged anionic dye particles. In order to invert the surface charge,
modification with a cationic surfactant was performed. Some earlier works found that
the modification of adsorbents with cationic surfactants successfully reversed the
surface properties of the adsorbents from negative charge to positive that is beneficial
for removal of anionic contaminants [35, 36, 187]. Moreover, cationic surfactant
modification also introduced alkyl chain hydrophobic medium, which may be
partition/soluble low polarity contaminants into its layer [188, 189]. This was termed
as adsolubilisation; a combination of adsorption and solubilisation [190]. Due to this,
modification with a cationic surfactant was deemed as suitable for the raw adsorbent

to be used for remediation of anions and organic pollutant contaminated wastewater.

Works on applicability of modified cationic surfactant for remediation of wastewater
contaminated with emulsified oil and dyes were actively done, and some were
reported in Table 2.8 and Table 2.9, respectively. From Tables 2.8 and 2.9, the
summaries of some works on removal of emulsified oil and dyes could provide some
brief ideas on the effectiveness of surfactant modified adsorbents. Overall, it can be

concluded the effectiveness of utilizing surfactant modified adsorbents for emulsified
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oil and anionic dyes wastewater remediation. The modification was largely performed
on inorganic materials such as bentonite, zeolite and very little work on agricultural
material and most of modification utilized the surfactant with long alkyl chain length.
It is worth to mention that the reported adsorption efficiency has been achieved under
specific experimental conditions and the extent of chemical modification made.
Moreover, in the case of emulsified oil, the stability of emulsified oil (i.e either
chemically or physically stabilized), the amount and type of emulsifier used will
definitely influence the final removal performance. The reader is strongly encouraged
to refer to the original articles for detailed information especially on experimental

conditions.
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Table 2.8. Sorption capacity for some of the surfactant modified adsorbent for low polarity compounds

Sorption Temp Reference
Adsorbent Base material Cationic surfactant Low polarity solution  Capacity (°C)
(mg g
0.76 20
phenol NA 40
. : . . . NA 60
HDTMA-Zeolite zeolite hexadecyltrimethylammonium bromide 271 20 [33]
4-chlorophenol 9.40 40
7.03 60
1.30 20
phenol NA 40
. . . . . NA 60
BDTA-Zeolite zeolite benzydimethylammonium bromide GAL 20 [33]
4-chlorophenol 6.55 40
8.12 60
phenol 105
HDTMA-Bentonite  bentonite hexadecyltrimethylammonium bromide  p-chlorophenol 433 25 [188]
2,4-Dichlorophenol 44.3
phenol 1.01
CTAB-Mont Montmorillonite cetyltrimethylammonium bromide m-NP 0.76 25 [191]
0-cresol 0.9
Organoclay Bentonite quaternary amine Valcool (Cutting oil) 0.14 21 [22]
Oreganoclay(30% . . Valcool (Cutting oil 2.10x107
An%hracitey((7 0% )) Bentonite quaternary amine Refinery é fﬂuentg ) 700x10° 21 [19]




Table 2.9. Sorption capacity for some of the surfactant modified adsorbent for anionic dyes

Sorption Temp. Reference
Adsorbent Base material Cationic surfactant Dyes solution Capacity (°C)
(mg g
MMT no modification 10.2
OTAB-MMT octyltrimethylammonium bromide 31.1
DTAB-MMT Montmorillonite dodecyltrimethylammonium bromide Congo Red (CR) 80 30 [192]
CTAB-MMT cetyltrimethylammonium bromide 229
STAB-MMT stealtrimethylammonium bromide 110
Bentonite cetyltrimethylammonium bromide 109.89 20
CTAB- Bentonite Bentonite cetyltrimethylammonium bromide Direct red 133.33 40 [31]
153.84 60
Zeolite Zeolite no modification 0.63 25 [193]
CPB- zeolite cetylpyridinium bromide hexadecyl Orange II 3.62
HDTMA - Zeolite hexadecylammonium bromide 3.38
MZ clipnoptilolite hexadecyltrimethylammonium bromide Remazol Yellow 3.61 29.9 [194]
CPHDTMA coir pith hexadecyltrimethylammonium bromide ACld. brilliant blue 159 [193]
procion orange 89 32
. . . . Direct red 12 76.3 [162]
CPHDTMA coir pith hexadecyltrimethylammonium bromide Rhodamine B 14.9 32
(zggf%\loa‘irelgs%z;rbon cetylpyridinium chloride Reactive black 5 99.2
CPC-Carbon (lz(ftzlgif;ﬁ)a rbon cetylpyridinium chloride Reactive black 5 109.1 20 [196]
(icéur\;egse}(ll)carbon cetylpyridinium chloride Reactive black 5 99.2
1635.4 20
. . . . . . 2011.0 30
DTMA-Bentonite Bentonite dodecyltrimethylammonium bromide Acid Blue 193 1732.0 40 [197]
4153.0 50
HDTMA-Bentonite Bentonite hexadecyltrimethylammonium Acid orange 10 143.06 25 [198]




2.15 Cationic Surfactant Selection

The selection of a cationic surfactant for modification is important as it will influence
the properties of the modified adsorbent thus affecting the effectiveness. Due to that,
it is necessary to gather enough information and have some ideas on the important
characteristics of the cationic surfactant used and its implication toward the final
application; as an adsorbent for removal of organic pollutants and anionic
contaminants in wastewater. Among the properties of a cationic surfactant that may

influence the characteristics of modified surfactant are discussed as follows:

2.15.1 Influence of surfactant chain length

The chain length of a cationic surfactant is important as the hydrocarbon chain does
give an impact on the adsorption efficiency. Ersoy and Celik [199] found that the
surfactant chain length gave a significant effect on the ion exchange as well as
hydrophobic interaction mechanism of surfactant adsorption on solid surface, where
the sorption capacity was observed to increase with increasing the chain length.
Hexadecyltrimethylammonium, HDTMA which having a relatively longer chain was
found to adsorb more on solid surface than the shorter length of
tridodecylmethylammonium, TDMA and dodecyltrimethylammonium bromide,
DDTMA [199]. The surfactant with a longer hydrocarbon chain is also said to have
more driving force for the aggregation thus dramatically reduce the solution CMC

[178] which facilitates more surfactant adsorption.

A greater amount of surfactant adsorbed on the solid surface can be translated to the
higher superiority of that particular adsorbent to remove organic contaminants. This
was demonstrated by Wang and Wang [192] on removal of an anionic dye, congo red,
(CR) by utilizing montmorillonite modified with a series of cationic surfactants which
have different alkyl chain length, namely; octyltrimethylammonium bromide, OTAB
(C8); dodecyltrimethylammonium bromide, DTAB (C12); cetyltrimethylammonium
bromide CTAB (C16); stealtrimethylammonium bromide, STAB(C18). Fig.2.3
showed that the sorption capacity of CR generally increases with increased number of
carbon atom of the surfactant from 8 to 16. However, the sorption capacity of CR on

STAB was found decreasing; even though STAB has higher surfactant carbon atom
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number of 18 and was suggested to be better suitability of CTAB to intercalate into

montmorillonites galleries than STAB, hence increases the CR adsorption.
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Figure 2.3. Effect of the surfactants (1.0 CEC used for each of the different surfactant
types) on adsorption capacity of surfactant-modified MMT for CR [192].

0

The sorption study of nonanonic hydrophobic organic compounds; naphthalene and
phenanthrene, using a clay modified with cationic surfactant of different alkyl chain
length, such as hexadecyltrimethylammonium bromide, HDTMA (C16);
tetramethylammonium bromide (TMA)(C4), and dodecyltrimethylammonium
bromide, DTMA (C12); also showed the superiority of HDTMA-clay, where the
sorption capacity was found to be higher than DTMA-clay and TMA-clay [200]. Gao
et al. [201] also found the superiority of a longer alkyl chain in removing
dichloromethane. In their work they found the different types of soil, black soil,
yellow soil and red soil, modified with HDTMA showed a more tendency to remove
chlorobenzene compared to modification of those soils with shorter alkyl chain
cationic surfactant, TMA. A similar observation was reported by Akbal [202], who
concluded that pumice modified with HDTMA (C16) exhibited better sorption of
phenol and 4-cholorophenol in comparison with benzyldimethyltetradecylammonium

chloride, BDTDA (C14).

Compared to shorter alkyl chain with the cationic cation in the interlamellar region
isolated among each other, longer alkyl chain has an advantage of forming continuous
organic phase on solid surface thus allowing more organic contaminants to be

partition into the layer [200]. In terms of hydrophobicity, the longer chain was also
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responsible for the contribution to the hydrophobic properties of the modified
adsorbent [202]. Short hydrophobic tails cause hydrophilic heads to be composed of
more than one similar charged ionic group, which restricts the occurrence of
hydrophobic bonding between tails, thus preventing the formation of bilayer on the

solid surface [203].

2.15.2 Influence of polar head group

The alkyl chain length of a cationic surfactant has a significant impact on its
adsorption onto a solid surface and it is a great interest to evaluate the performance of
different cationic surfactants which shared the same number of alkyl chain but with
different polar head groups. Ghiaci et al. [204] reported that upon application of two
modified zeolites for chromate removal, maximum adsorption capacity for CPB-
Zeolite and HDTMA-Zeolite was reported at 12.76 mmol kg™ and 10.19 mmol kg™,
respectively. Higher removal of chromate for CPB-Zeolite than HDTMA-zeolite was
due to the role of pyridinium group in the cationic surfactant adsorption. Jin et al.
[193] also conducted an investigation comparing the effectiveness of the surfactant -
zeolite with different types polar head in removing a anionic dye, Orange II. They
found that the pyridinium head of cetylpyridinium bromide gave slightly better
sorption capacity of 3.62 mg g” compared to 3.38 mg g for hexadecylammonium
bromide. The same trend was also shared by Widiastuti et al. [205], who found that
CPC modified zeolite gave better removal of anionic contaminants, phosphate of 45

mmol kg in greywater compared to 42 mmol kg™ for HDTMA modified zeolite.

Praus et al. [179] found that cetylpyridinium (CP) was adsorbed more on
montmorillonites (MMT) than cetyltrimethylammonium, CTA. CP was attached to
the surface of MMT by electrostatic force and other interactions of pyridinium ring
and m-m interaction, whereas CTA was suggested to be adsorbed mainly by
electrostatic force. This causes the CP to be more adsorbed on the solid surface. Size
of hemimicelle aggregates also played a significant role. Bigger hemimicelle
aggregates formed by planar polar head group of pyridinium ring were suggested to
improve the hydrophobic interaction of cationic surfactant tail at the second layer

compared to the smaller hemimicelle created by tetrahedral head group [204, 205].
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2.15.3 Influence of cationic surfactant concentration

As discussed earlier, concentration of a cationic surfactant applied for modification of
solid surface will greatly influence their characteristics. The cationic surfactant may
retain on the solid surface as either incomplete monolayer, complete monolayer,
patchy bilayer and bilayer, depending on the concentration of the cationic surfactant
[203]. This is crucial as the effectiveness of targeted pollutant removal was very much
related to the surfactant formation on the solid surface. Ghiaci et al. [204] studied the
performance of zeolite modification at various concentrations of cationic surfactants;
CPB and HDTMA for removal of chromate. At the concentration of the cationic
surfactants of 0.5, 1.8 and 20 mmol kg™ the equivalent adsorption capacity of 3.44,
9.34 and 18.20 mmol kg (CPB loaded zeolite) and 3.72, 7.43 and 13.94 mmol kg™
for HDTMA loaded zeolite, respectively, was achieved. It can be seen that the
adsorption capacity increases together with the increase in cationic surfactant

concentration.

Widiastuti et al. [205] also observed that CPC and HDTMA loaded zeolites will
generally result in the increase in phosphate removal at increasing surfactant loading.
The concentration equivalent to 50, 100 and 200% of external cation exchange
capacity (ECEC) produced the sorption capacity of 23, 45 and 12 mmol kg for CPC-
zeolite and 11, 42 and 8 mmol kg’ for HDTMA-zeolite, respectively. The lower
adsorption on surfactant loading at 200% ECEC was suggested to be due to the
release of cationic surfactant into the aqueous solutions during the sorption

experiment.

Cationic surfactant modification for adsorption is actually a complex system.
Generally a common feature is the formation of monolayer at lower surfactant
concentration and bilayer/admicelle at higher concentration (i.e. above CMC) [179,
185]. The creation of the bilayer is important as it creates a hydrophobic medium with
less polar contaminant to partition [189]. Moreover, the net surface charge of solid
changes to positive [36, 187] leading to favorable adsorption of anionic contaminants.
Zhu and Zhu [206] observed the reduction of surface area as the loading of cationic
surfactant (CTMA) on bentonite increases. The reduction in the surface area was due

to the pores packed by CTMA. High density of the surfactant proved to be good as
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contaminant partition was favorable at relatively high dense of hydrophobic layer

[178, 207].

2.16 Section Summary

This chapter demonstrates the environmental concern of the oily and dye wastewater.
Several treatment methods used currently including physical, chemical and biological
techniques provide some good results but each of them has shortcoming and there is
always a room for improvement. The adsorption technique utilizing activated carbon
was suggested as the best option available especially for dye wastewater treatment,
but the cost of activated carbon and the difficulties in regeneration prompt the work to
explore other low cost materials as a replacement of activated carbon. Agricultural
waste seems a good candidate but exhibits lower affinity toward the emulsified oil
and anionic dye removal. Hence, the modification of raw agricultural waste seems as

necessary.

Literature to date has reported the successful story of using cationic surfactant
modified adsorbents for low polar and anionic contaminant remediation. Various
types of adsorbents ranging from inorganic material to synthetic material have been
modified with various types of cationic surfactant. Nevertheless, the utilization of
agricultural waste as a material was not extensively pursued. As far as the author is
concerned, to date only a few agricultural waste materials were used, namely wheat
straw and coconut coir pith. It was established that ion exchange and hydrophobic
interaction are two main mechanisms taking place between solid surface and cationic
surfactant. Agricultural waste was known as rich in negatively charged surface sites
and the ability to biodegrade seems to suit nicely this purpose. The properties of a
cationic surfactant used such as its alkyl chain length, the polar head properties and
the concentration of surfactant applied were discussed by many works and have been
found to significantly influence the characteristics of cationic surfactant retained on

solid surface.
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EXPERIMENTAL

3.1 Introduction

This chapter describes the experimental procedures and analytical techniques that
were used in this work. In general, this chapter can be split into three parts. The first
part discusses the preparation of barley straw as an adsorbent material and its
modification as well as physical and chemical characterization techniques. The
second part explains the methodology of emulsified oil and dye removal in batch and
continuous column modes. Batch experiments include the procedures for adsorbent
selection, kinetics, isotherm and influences of physical and chemical parameters on
oil and dye removal. Meanwhile the continuous column study describes column
breakthrough. The method for preparation of emulsified oil and dye solution was also
explained in detail here. The final part explains the theoretical aspect of batch
adsorption and fixed bed column models. Batch adsorption models include kinetic and
isotherm models. Meanwhile, some column models are introduced for breakthrough
curve calculation. Error function technique was employed to evaluate the fitness of
experimental data and proposed models. For the experiments that were repeated,
standard error of the measurement was calculated to measure the deviation from the

average value.
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3.2 Adsorbent Preparation

3.2.1 MaterialsBarley straw, purchased from Stephen Bros Barley Straw Ltd.,
Australia, was repeatedly washed with water to remove dust and soluble impurities.
Equal portions of straw and deionized water were ground in a blender (Breville Ikon
550, Italy) for about 15 min. Crushed straw was then separated from liquid and was
again rinsed with distilled water until the washing was free of color. The straw was
then dried overnight at about 65 °C and sieved using a sieve shaker (Retsch, AS 200.
Germany) to obtain three different particle sizes, which were < 0.05 mm, 0.05 -1.18
mm and > 1.18 mm. The straw was then stored in a glass container and designated as

raw barley straw (RBS) of respective sizes.

3.2.2 Treatment with base solution

Treating raw barley straw with an alkaline solution is important as the treatment is
expected to increase the negatively charged active binding sites as well as to reduce
the soluble organic compounds. In an effort to determine the optimum concentration
of NaOH solution, 30 g of RBS was blended with 1 L of NaOH solution at various
concentrations ranging from 0.001 M to 0.1 M and also with deionized water. The
suspension was shaken by an orbital shaker at a speed of 170 rpm at 35 °C for 2 h and
4 h. The NaOH-treated straw was rinsed with distilled water until the washing was
free from color. The straw samples were dried again in an oven at about 65 °C
overnight. Then 0.2 g of the resulted straw from various concentrations of NaOH was
mixed with 100 mL, 50 mg L' of methylene blue, a cationic dye. The NaOH treated
raw barley straw, which gave the highest removal of the cationic dye will be selected

for further experiment and was labelled as RBS-N

3.2.3 Modification with cationic surfactant

The objective of treating straw with a cationic surfactant, hexadecylpyridinium
chloride monohydrate (CPC) was to reverse its surface charge as well as to create a
hydrophobic layer on the straw surface, which was vital in sorption of low polarity
compounds as what has been thoroughly discussed in section 2.14 and 2.15. In brief,
selection of long alkyl chain surfactant such as CPC is critical because short alkyl
chain proves to be inferior in removing organic contaminants [199]. In addition, the

planar polar head group in CPC can form bigger hemimicelle aggregates, allowing
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them to be adsorbed more onto solid surface [204]. For adsorption of CPC onto straw
surface, 30 g of RBS and RBS-N were blended with 1 L of CPC at various initial
concentrations ranging from 0.08 to 5.30 mmol L. The suspension was shaken on an
orbital shaker at 170 rpm at room temperature (25 °C) for 24 h. The CPC
concentration was chosen in such a way as to represent the concentration well below
and above the CPC critical micelle concentration (CMC). The treated barley straw
was then separated from the liquid and washed with distilled water several times to
remove surface retained surfactant. Finally, the treated barley straw was dried in an
oven at 60 °C overnight. RBS and RBS-N modified with CPC were later labeled as
surfactant modified barley straw, SMBS and base pretreated surfactant modified

barley straw, BMBS, respectively.

3.3  Characterization of Adsorbent

3.3.1 Carbon and nitrogen content in straw

The percentage of carbon and nitrogen content (C-N) of adsorbent sample was
analyzed using a CHNS analyzer (Elementar, Vario Macro). The analysis was based
on thermal conductivity detection for measuring carbon and nitrogen, after
combustion and reduction. Glutamic acid and ASPAC44 were used as standard

samples. The samples were analyzed twice under the similar conditions.

3.3.2 Surface area

The BET surface area of all samples was determined by N, adsorption at —196 °C
using Autosorb (Quantachrome Corp. USA). All samples were degassed at 110-120
°C for 24 h, prior to the adsorption experiments. The BET surface area and pore
volume were obtained by applying the BET equation and p/py=0.95 to the adsorption

data, respectively. The experiments were duplicated under the similar conditions.

3.3.3 Microstructure and surface morphology
Electron microscope images of adsorbent sample were taken using JEOL 6400 field
emission scanning electron microscope (SEM) with an accelerating voltage 15.0 kV at

various magnifications.
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3.3.4 Water soluble minerals

The electrical conductivity (EC) method as suggested by Ahmedna et al. [208] was
used to determine the content of water soluble minerals in the adsorbents. One percent
(w/w) of straw in deionized water was mixed and stirred for 20 min and the electrical
conductivity of the suspension was then measured using a Yokogawa SC82
conductivity meter (Yokogawa, Japan). The experiments were duplicated under the

similar conditions.

3.3.5 lIdentification of functional groups

Fourier transform infrared (FT-IR) spectra were collected on a Perkin Elmer,
Spectrum 100 spectrophotometer with an attenuated total reflectance (ATR) technique
to identify the functional groups in the adsorbent sample. The spectrum was scanned

four times from 4000 cm™ to 650 cm™ and corrected for background noise.

3.3.6 Elemental analysis

The amount of potassium, sodium, iron, arsenic and cadmium in adsorbent samples
were analyzed by a commercial laboratory, A&A Scientific Resource, Shah Alam,
Malaysia. For all the parameters, the sample was analyzed once based on the method

described by APHA [209].

3.3.7 Acidic and basic surface groups

The Boehm titration method as described by Chen et al. [210] was used to measure
the amount of acidic and basic surface groups. In each test, 0.5 g straw sample were
suspended in 100 mL 0.05 N standard sodium hydroxide or hydrochloric acid
solution. The suspensions were shaken in a closed container for 24 h, and then 5 ml of
each filtrate was transferred and the excess of acid or base was titrated with HCI or

NaOH. The experiments were conducted twice under the similar conditions.

3.3.8 Bulk density
The apparent (bulk) density was determined by the procedure described by Ahmedna
et al.[208]. A 10 ml measuring tube was filled up with dry adsorbent sample and

capped, tamped to a constant (minimum) volume by tapping on a table and weighed.
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The experiments were duplicated under the similar conditions. The bulk density was
calculated by:
weight of dry sample (g)

Bulk Density = (3.1)

volume of packed dry material(cm”)

3.3.9 Cellulose, Hemicellulose and Lignin

The percentage of cellulose, hemicellulose and lignin in straw was determined by a
series of experiments. Enzymatic Neutral Detergent Fiber (ENDF) was measured
according to the method described by McQueen and Nicholson [211] and van Soest
and Robinson [212]. Acid Detergent Fiber (ADF) according to the Association of
Official Analytical Chemists (AOAC) method 973.18 [213] and the AOAC method
973.18C were used to determine the klason lignin [214]. Cellulose was computed as
the difference between ADF and lignin, hemicellulose as the difference between
ENDF and ADF and lignin is represented as klason lignin. The experiments were
duplicated under the similar conditions and the analyses were performed at the

Chemistry Centre, Perth, Western Australia.

3.4  Stability/Desorption of CPC

The stability and desorption of adsorbed CPC on raw straw was determined by
dispersing 0.2 g SMBS in 100 mL of deionized water and other acid solutions, 0.01,
0.001 and 0.0001 M HCI for 6 h. The desorbed CPC was then measured using a
UV/Vis spectrophotometer (Jasco V-670 spectrophotometer, Japan) at the maximum

absorption of 257 nm.

3.5 Experimental Studies of Emulsified Oil Removal

3.5.1 Batch adsorption studies

Preliminary batch adsorption tests were conducted at room temperature (25 °C) by
mixing RBS, RBS-N, SMBS and BMBS with emulsified CO at 10 g L for a period
of 5 h. The rationale of conducting this experiment is to determine the suitability of
the prepared adsorbents for removal of emulsified oil from aqueous solution. The
adsorbent not giving a significant oil removal will be phased out. A similar batch

adsorption experiment was repeated for emulsified SMO. A control test with no
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adsorbent material was also carried out to determine the adsorption of emulsified oil

effluent due to other factors.

3.5.2 Batch kinetic studies
As for batch kinetic study, it was conducted by agitating 10 g L' of BMBS and
synthetic CO or SMO emulsified oil at varying concentrations ranging from 1000 to

4500 mgL™". A solution was withdrawn at preselected time for oil analysis.

3.5.3 Batch isotherm studies

An adsorption isotherm study was conducted to indicate the distribution of adsorbate
molecules between liquid and solid phase. A batch isotherm study was performed by
mixing adsorbent with the emulsified oil solution at five different dosages ranging
from 0.1 to 1.3 g while keeping other parameters such as pH, concentration of
emulsified oil solution, and stirring speed at constant. The sample was withdrawn for

analysis once at equilibrium

3.5.4 Batch equilibrium studies

The effects of experimental parameters such as solution pH, adsorbent particle size
and temperature were also investigated by varying one parameter above while
keeping the others at constant values. The sample was withdrawn for analysis once at

equilibrium

3.5.5 The parameters of batch experiment

Throughout the experiment (unless otherwise stated), an orbital shaker (B.Braun,
Certomart, UK) was used to agitate the sample and pH of the solution was measured
using Hanna HI 9811 pH meter (Hanna, Italy). As for the operating variables; original
pH of CO solution at 7.5 and SMO at 7.3 was used. The volume of emulsified oil
solution was set at 100 ml. Agitation speed, temperature, size and dosage of adsorbent
were fixed at 170 rpm, 25 °C, 0.50-1.18 mm and 1.0 g, respectively, for all the
experiments unless mentioned elsewhere. The experiments were repeated under the

similar conditions and the average values were used in calculations.
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3.5.6 Leaching/desorption experiments

In order to investigate the leaching/desorption of oil from the spent BMBS, The
canola and mineral oil loaded BMBS was dried at about 45 °C for 5 h. One gram of
the resulting straw was then dispersed into a flask that was filled with 100 mL
deionized water. The suspension was then shaken at 170 rpm. Three samples were
prepared and each water sample of the flasks was withdrawn at 1, 5 and 24 h,
respectively. The sample was later measured for desorbed oil. The experiment was
run twice under the same conditions and the mean/average of the results was

presented.

3.5.7 Breakthrough studies of fixed bed column

Fixed bed column studies were conducted using Perspex columns of 2.9 and 12.5 cm
in diameter and length, respectively. The experimental setup is shown in Fig. 3.1. In
each run, 5 g of the prepared adsorbent, which was found to give 8 cm of bed height,
was packed into the column. To support the adsorbent and to ensure the homogeneous
distribution of the feed solution, top and bottom of the column was filled with 1.5 cm
in bed height of glass beads (0.2 cm in diameter). The column was charged with
emulsified CO wastewater in the up flow mode by a Cole Palmer Masterflex
peristaltic pump with size 14 silicon tube to maintain a volumetric flow rate at 7.0 mL
min”'. Samples of column effluent were collected at certain time intervals and were
analyzed for remaining oil. The experiment was stopped when the adsorbent in the
column were saturated with the oil, i.e the final oil effluent approaches the
concentration as the same as influent (feeding solution). A similar fixed bed column
experiment was repeated for emulsified SMO. The column study was conducted at
room temperature of about 25 °C and original pH of CO solution at 7.5 and SMO at
7.3. The feeding concentration of emulsified CO and SMO was 1030 mg L™ and 990
mg L™, respectively. Experimental control tests without addition of adsorbent material
were also conducted to determine the possibility of emulsified oil removal due to the
other factors. Only single experimental run was performed for all the straw-emulsified

oil system.
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Figure 3.1. Schematic diagram of fixed bed column study

3.5.8 Preparation of emulsified oil solutions

Canola oil of unknown purity and standard mineral oil of 100% purity were obtained
from Coles, Australia and Sigma-Aldrich, USA, respectively. A stock solution of
emulsified canola oil wastewater (CO) was prepared by mixing 11.5 g of canola oil
with 1 L of water and 12.5 g of non ionic emulsifier (Colgate-Palmolive, Australia).
The mixture was then stabilized in a blender (Breville Ikon 550, Italy) at high speed
for 15-20 min. The same procedure was repeated for the preparation of emulsified
standard mineral oil (SMO). The resulted solution is milky white, which exhibits the

characteristic of chemically stabilized solution [49].

3.5.9 Measurement of oil in water

The oil in water was measured using a partition—infrared method; InfraCal CVH,
TOG/TPH Analyzer (WILKS Enterprise Inc, USA) and the emulsified oil from
aqueous solution was extracted using an oil extraction solvent, S-316 (HORIBA Ltd,
Japan). The partition infrared method was chosen due to its capability of measuring
the low concentration of oil (i.e below 10 mg L) and ability to address the excessive

evaporation of extraction solvent which subsequently reduces the losses of low
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molecular weight compounds. The amount of emulsified oil adsorbed by the

adsorbent at time t, g, (mg g'), was computed using the following expression:

m (3.2)

where C, and C; are oil concentrations in mg L™ initially and at time, t, respectively.

V is the volume of emulsified oil solution in liter (L) and m is the weight of straw in

gram (g).

3.6  Experimental Studies of Dye Wastewater

3.6.1 Preliminary batch adsorption studies

Preliminary batch adsorption experiments were conducted at room temperature (25
°C) by mixing 2 g L' of RBS, RBS-N, SMBS and BMBS with dye solution of Acid
Blue, AB40; Reactive Blue 4, RB4; and Reactive Black 5, RB5, at a period of 8 h.
The rationale of conducting these experiments is to determine the suitability of the
prepared adsorbents for removal of dyes from aqueous solution. The adsorbent not
giving a significant dye removal would be phased out. A batch control test with no
adsorbent material was also performed to determine the adsorption of dye effluent due

to other factors.

3.6.2 Batch kinetic studies

As for batch kinetic study, it was conducted by agitating 2 g L' of SMBS or BMBS
with the studied dye solution at varying concentrations. Approximately 3 mL of the
solution was drawn at preselected time for dye analysis. The concentration of dye in

water was later analyzed.

3.6.3 Batch isotherm studies

Similar to the adsorption of oil, a batch isotherm study was performed by mixing the
adsorbent with a 100 mL of dye solution at five different dosages ranging from 0.1 to
1.0 g while keeping other parameters such as pH, concentration of dye solution, and

stirring speed constant. The sample was withdrawn for analysis once at equilibrium.
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3.6.4 Batch equilibrium studies

The effects of experimental parameters such as solution pH, adsorbent particle size
were also investigated by varying one parameter above while keeping the other
parameters unchanged. A batch isotherm study was performed by mixing adsorbents
with the dye solutions at different dosages ranging from 0.4 to 1.6 g while keeping
other parameters at constant values. The sample was withdrawn for analysis at 60

min. The equilibrium time chosen was based on the kinetic experiment.

3.6.5 Leaching/desorption experiments

Desorption of AB40, RB4 and RB5 from spent SMBS and BMBS samples was
conducted by dispersing the dye loaded straw at a dosage of 1 g L™ with deionized
water in different pH of buffer solution at 3, 5, 8 and 11.

3.6.6 Batch experimental operational parameters

Throughout the experiment (unless otherwise stated), an orbital shaker (B.Braun,
Certomart, UK) was used to agitate the sample and the pH of solution was measured
using a Hanna HI 9811 pH meter (Hanna, Italy). As for the operating variables;
original pH of dye solution (AB40: 5.8, RB4: 5.6, RB5: 5.0) was used. The volume of
dye solution was set at 50 ml. Agitation speed, temperature, size and dosage of
adsorbent were fixed at 170 rpm, 25 °C, 0.50-1.18 mm and 0.1 g, respectively, for all
the experiments unless mentioned elsewhere. For all the studies, a control with no
adsorbent was also set up to determine the adsorption of dye due to other factors.
Experiments were duplicated under the similar conditions and the average values

were used 1n calculations.

3.6.7 Breakthrough studies of fixed bed column

A same fixed bed column described in Fig.3.1 was also used for treatment of dye
wastewater. In brief, 5 g adsorbents were packed into the Perspex column with glass
beads placed at the top and bottom of the column. The dye wastewater of AB40 was
feed in a up-flow mode at a volumetric flow rate of 10 mL min". The samples of
column effluent were collected at certain time intervals and were analyzed for
remaining dye in solution. The experiment was stopped when the dye concentration of

column effluent approaches the feeding solution concentration, an indication of the
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adsorbent in the column being exhausted. A similar set-up was repeated for RB5. The
column study was conducted at room temperature of about 25 °C and original AB40
solution at pH 5.8 and RBS5 at 5.0 were used. The initial concentration of feeding
solution of both dyes was set at 50 mg L. Similar to the column experimental studies
for emulsified oil, a control test was also conducted for dye effluent to determine the

adsorption due to other factors. For each dye, single experimental run was conducted.

3.6.8 Preparation of dye wastewater

The stock solutions of dyes at 200 mg L™ of acid blue 40 (AB40, 473.0 g mol™),
reactive blue 4 (RB4, 637.4 g mol) and reactive black 5 (RB5, 991.8 g mol™) were
prepared by dissolving 0.2 g of respective dye with deionized water and making up to
1 L in volumetric flasks. The stock solution was later diluted with deionized water to

the desired concentration. All the dyes used were obtained from Aldrich, USA.

3.6.9 Measurement of dyes in wastewater

Dye and adsorbent material were separated by filtering the dye solution—adsorbent
suspension using a syringe filter with 25 mm filter disc (Acrodisc, USA). The
concentrations of dye samples were measured using a UV/Vis spectrophotometer
(Spectrometry 20 genesis). The measurement of AB40, RB4 and RB5 was performed
at the maximum absorbance of 615 nm, 599 nm and 598 nm, respectively. The
amount of dyes adsorbed by the adsorbent at time t, q, (mg g), was computed using

the following expression:

m (3.3)
where C, and C, are dye concentrations in mg L™ initially and at time, t, respectively.

V is the volume of dye solution in liter (L) and m is the weight of straw in gram (g).

3.7 Batch Experimental Model

3.7.1 Kinetic models

The dynamic dye or oil adsorption was simulated using pseudo-first order and
pseudo-second-order models. The pseudo-first-order model is used to describe the

reversibility of the equilibrium between the liquid and solid phases. The nonlinear
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equation of the Lagergren pseudo-first-order model can be expressed by Eq. 3.4

[215].

9. =q.(1-¢*') (3.4)
The pseudo-second-order equation assumes that rate limiting step might be due to the
chemical adsorption and the non linear form of the equation can be expressed by Eq.

3.5[216].

2
q.k,t
q, = ( : (3.5)

1+ qeth)

In Egs.3.4 and 3.5, k; and k; represent the rate constant of the pseudo first order and
second order, respectively, whereas g and q; are the amount of dye or oil adsorbed at

equilibrium and at time t, respectively.

3.7.2 Kinetic diffusion models

For a solid-liquid sorption, the resistance to mass transfer can be described by two
processes, the resistance due to external mass transfer through the particle boundary
layer/film diffusion and the resistance due to intraparticle diffusion [103] or a
combination of more than one [156]. The diffusion study is significant as the pseudo
first order and second order models failed to explain the diffusion mechanism during
the adsorption process [217]. Although the kinetic studies help to identify the sorption
process, predicting the mechanisms is required for design purposes [218]. For this, the
Boyd kinetic diffusion model was employed to study the type of diffusion
mechanism. The Boyd diffusion model [219] was applied to predict the actual slowest

step involved in the adsorption process. The Boyd equation is expressed as follows:

F=1-—=>-"—+ (3.6)
and

F=d (3.7)
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where F represents the fraction of adsorbate adsorbed at any time t and is obtained by
using Eq. (3.7),q, is the amount of adsorbate adsorbed at infinite time (mg g™), n is

an integer and B, is a mathematical function of F. The values of effective diffusion

coefficients, D; (cm” s') can be calculated using the following equation:

B= (3.8)

where r represents the radius of biosorbent (cm) by assuming spherical particles. Eq.
(3.8) was proposed based on particle diffusion as the rate determining step.

Substituting Eq. (3.6) in Eq. (3.7) simplifies to:

B,=6.28318 — 3.2899F — 6.28318(1 — 1.047F) *  (3.9)
or

B,=—0.4977—1n[ —&} (3.10)
q.

Eqgs 3.9 and 3.10 were used for the F value of 0 to 0.85 and 0.86 to 1, respectively
[220]. The values of B can be obtained from the slopes of B, versus time (t). The
linearity of the plots of B, versus time (t) could distinguish the type of diffusion
controlled rate of sorption. A straight line passing through the origin suggests that the
sorption processes are governed by particle-diffusion mechanisms; otherwise they are
governed by film diffusion [221]. Beside, the effective diffusion coefficients (D;)
could also be used, where D; in the range of 10° — 10 cm? s'l, film diffusion is said
to be the rate determining step whereas D; value in the range 10" — 10" cm? s

suggested pore diffusion as the rate determining step [222].

3.7.3 Isotherm models

The distribution of adsorbate between liquid and solid phases is generally described
by the Langmuir [223] and Freundlich [224] adsorption isotherm models. Normally,
an isotherm was obtained by measuring the changes in solution concentration after
equilibrium has been reached at a constant temperature. The Langmuir isotherm

model [223] is derived on the assumption of monolayer adsorption on a structurally
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homogenous surface where there are no interactions between the molecules adsorbed

on neighbouring sites, and is expressed as:

_ Qmaxbce

3.11
1+bc, G-

q

Where, Qumax 1s referred to the maximum adsorption capacity and b is a constant
related to energy of adsorption. C, represents the concentration of dye or oil solution
at equilibrium. The Freundlich isotherm model [224] is an empirical equation which
represents the multilayer adsorption on heterogeneous surfaces where there are

interactions between adsorbed molecules and is expressed as:
1
q=K,c (3.12)

Where, Ky is related to adsorption capacity and n is an empirical formula that varies

with degree of heterogeneity.

3.8 Fixed Bed Column Models

The overall performance of a fixed bed column is judged through its service time,
known as column breakthrough. The breakthrough curve is expressed as a column
effluent concentration over time. The breakthrough time appearance and breakthrough
curve shape are important characteristics for determining the operation and dynamic
response of an adsorption column [225, 226]. A column is considered to be saturated
and its operation can be stopped when it reaches breakthrough time and the
breakthrough curve shape meanwhile indicates the performance of the column
system. Generally, there are three types of breakthrough curves that can be observed
as shown in Fig. 3.2 and they display: (a) poor adsorption, (b) normal adsorption and
(c) strong adsorption. The breakthrough curve often observed in adsorption studies is

the normal adsorption curve or the ‘S’ shape.
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Figure 3.2. Examples of breakthrough curves: (a) poor adsorption (b) normal
adsorption and (c) strong adsorption [227].

In Fig. 3.2, C. is representing the effluent concentration, t, and Vy, are referred as the
breakthrough time and breakthrough volume, respectively; column exhaustion volume
and column exhaustion time is denoted by Ve, or ten where Ce is referred as
corresponding column exhaustion concentration. Meanwhile, C; is the initial
concentration. In order to understand the behavior of adsorption of oils and dyes
under column operation, the experimental data obtained were mathematically
analyzed by using widely used column models of either the Thomas or Yoon-Nelson

equations.
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3.8.1 Thomas model

The Thomas solution [228] is one of the most general and widely used methods in
column performance theory. The model assumes the Langmuir kinetics of adsorption-
desorption and no axial dispersion derived with the adsorption and the driving force
obeys the second order reversible reaction kinetics [229]. The expression by the

Thomas model for an adsorption column is given as follows:

C, 1
c, T, (3.13)
C, 1+ exp[w]

where k&, is the Thomas rate constant (mL min" mg™), q, is the equilibrium adsorbate

uptake (mg g'l), Q is the volumetric flow rate (mL min™), Ve is the effluent volume
(mL) and m is the weight of adsorbent in the column (g). A non linear plot of effluent
concentration (mg g') versus sampling time (min) was employed to determine the

values of k&, and q, from the intercept and slope, respectively.

3.8.2 Yoon-Nelson model

The Yoon-Nelson model [230] is considered the less complicated column model as it
requires no detailed data concerning the characteristics of adsorbate, the type of
adsorbent, and the physical properties of adsorption bed. It was developed based on
the assumption that the rate of decrease in the probability of adsorption for each
adsorbate molecule is proportional to the probability of adsorbate adsorption and the
probability of adsorbate breakthrough on the adsorbent [231]. The non linear form of

the Yoon-Nelson model for a single component system is expressed by [232]:

C, 1
3.14
C G.14)

T Tt explhyy, (T—0)]

where kyy is the Yoon-Nelson rate constant (L min") and t is the time required for
50% adsorbate breakthrough (min) based on the Yoon-Nelson model. A non linear
plot of effluent concentration (mg g') versus sampling time (min) was employed to

determine the values of kyn and <.
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3.9 Best Fitting Model Estimation

There are many considerations being used to predict the best fit of models. In this
work, the best fit of the equation to the experimental data was determined in two
methods; regression correlation coefficient values (R?) and error estimation technique.
R value closest to unity is assumed to provide the best fit meanwhile for the error
function, the lesser value of the error indicates the better fit. The error estimation
employed is Marquardt’s percent standard deviation (MPSD) [233] and is given

below:

2

MPSD _ 100 \/ 1 i|:( e,meas qe,calc )j| ( 315)

pP—niq

qe,meas

Where p is the number of experimental data and n is the number of the parameters in
the model equation. gemeas and e calc are referring to the experimental and calculated

values from the model equation, respectively.

3.10 Standard Error of The Measurement (SEM)

The error of measurement was calculated to express the confidence in mean value for
the analysis that was repeated. For this, a standard error of the mean (SEM) was
applied. The SEM estimates the amount that an obtained mean may be expected to
differ by chance from the true mean. The SEM mean is designated as (om) and can be

expressed by equation[234]:

(3.16)

where ¢ represents the standard deviation of the original distribution and N is the

sample size.
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MODIFICATION AND CHARACTERIZATION
OF STRAW SURFACE

4.1 Introduction

This section describes the treatment of straw surface and the characterization of raw and
modified straws. Two different types of treatments with base solution and cationic
surfactant were used in this study. The aim of the base treatment was to increase acidic
surface binding sites, which in our case is important as it is expected to increase cationic
substance binding onto the surface. For this purpose, several sodium hydroxide solutions
at different concentrations were used and the resulted straws were then tested with a
cationic dye, methylene blue, to determine the effectiveness of the treatment. The
treatment with a cationic surfactant was conducted on raw straw and base treated straw.
Surfactant concentration below and above the critical micelle concentration, CMC, was
used to determine the influence of the concentration on the sorption of CPC onto the
straw surface. The sorption mechanism of the surfactant onto straw surface was
thoroughly discussed in this chapter. Meanwhile the characteristics of raw and modified
straws and the stability of the CPC adsorbed on the straw surface were discussed. The
spectroscopic and various physicochemical properties of raw and modified straws were

determined as adequate information of the prepared samples is significant to establish the
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characteristics of the adsorbent and more important to study the influence of the
modification to the straw properties for the sorption. Desorption of CPC from the
modified straw was also tested in various types of solvents in an effort to determine the
stability and the possible mechanism of sorbed CPC onto straw surface. For the
experiments that were performed more than once, a standard error of the measurement for
the analyses was calculated using equation 3.16 and the results were presented in

appendix A.

4.2  Treatment with Base Solution

Base treatment of straw is expected to enhance the affinity towards the sorption of a
cationic surfactant. Tan and Xiao [235] reported that the base hydrolization of a
lignocellulosic material increased the formation of carboxyl group which is responsible
for binding activities. Many works also shared the similar conclusion. It was found that
the lignocellulosic based adsorbents treated with sodium hydroxide gave greater
adsorption capacity than unmodified adsorbents [170, 236]. However, the usage of
excessive concentration of base solution may damage the straw structure as reported by

Xie et al. [172]. Hence, the suitable concentration must be determined.

The straws that was treated with various base solutions at varying concentrations were
tested for a cationic dye, methylene blue, to find its effectiveness. Due to the nature of
methylene blue with positively charge particle upon dissolution in aqueous solution, the
straw that is able to remove more methylene blue is assumed to possess higher amount of
negatively charged binding sites. From Figure 4.1, the removal capacity of methylene
blue for the concentration of NaOH of 0.025, 0.05 and 0.1 N was 40.8, 50.3 and 40.0 mg
g, respectively at a shaking time of 2 h. For shaking duration of 4 h, adsorption capacity
of 43.4, 49.2 and 46.0 mg g"' were observed, respectively. For the straw that was only
soaked in deionized water, adsorption capacity was found lower at 35.5 and 38.7 mg g
for the shaking time of 2 and 4 h, respectively. In Fig. 4.1, it can be clearly observed that
the adsorption capacity for methylene blue removal was the highest when the raw straw
was treated with 0.05 N NaOH. It was also shown that the adsorption capacity for
treatment duration of 2 and 4 h were about the same. Due to these factors, NaOH
concentration of 0.05N and shaking time of 2 h were selected as treatment conditions for

raw straw (RBS).
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The lower adsorption capacity for the straw that was soaked with deionized water was
further justified the necessity for base treatment. The base treated straw will later labelled

as RBS-N and will be modified further with a cationic surfactant.

60.0

55.0 1 2 Hours 4 Hours

40.0

35.0

30.0

Adsorption Capacity (mg g'l)

25.0

20.0

DI Water 0.025 0.05 0.10 DI Water 0.025 0.05 0.10

NaOH Solution (N)

Figure 4.1. Effectiveness of NaOH treated raw barley straw for methylene blue 1 removal
([Dyes]:50 mgL'; Shaking speed: 170 rpm; Dosage: 2 g L';35 °C)

4.3  Modification with Cationic Surfactant

To understand the sorption mechanism and conformation of a surfactant to straw surface,
the widely used surfactant depletion method was employed [183]. The result can be
presented as the amount of surfactant adsorbed per gram of solid versus the equilibrium
surfactant concentration at a constant temperature. The sorption of CPC presented in Fig.
4.2 generally showed that the sorption capacity of CPC increases with increasing
equilibrium CPC concentration for both RBS and RBS-N. The dashed line in Fig. 4.2
represents the CMC for CPC in pure water in the range of 0.8 mmol L™ to 0.9 mmol L™
[176, 185]. It was observed that there are two main regimes on the adsorption isotherm;
the first region of about 1.0 mmol CPC and below and the second region of 1.0 mmol and
above. Fig. 4.2 shows that the surfactant sorption is at the maximum when the
equilibrium surfactant concentration is equal to CMC. Generally, the region below CMC
can be described as monolayer formation and admicelle or bilayer occurred at above the

CMC level [178, 184, 203]. Higher adsorption capacity of RBS-N than RBS was
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expected as the treatment with the base solution was observed to increase the affinity of

straw surface for the binding of cation as discussed in the earlier section.
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Figure 4.2. Sorption of CPC on RBS and RBS-N surface.

Dashed line indicates the CMC for CPC.

As discussed earlier in the literature review, due to the large polar group of the cationic
surfactant, sorption generally occurs at the solid sorbent surface, with several possible
mechanisms such as ion pairing and hydrophobic interactions [184]. To better explain the
types of CPC formation on straw surface, the data from Fig. 4.2 could be reconstructed
using log-log scale. This type of scale is favorable due to its applicability over a wider
range of adsorption and surfactant concentration, and the plots generally have abrupt
changes in slope with increasing surfactant concentration [176, 183]. Equilibrium
adsorption data constructed on log-log scale was presented in Figs. 4.3a and 4.3b. Both
log-log scale plots for SMBS and BMBS generally shown the similar trend, where the
adsorption can be divided into four regions. The presence of four regions on the log-log
scale plots was consistent with many other works done on surfactant adsorption over
various types of solid surface [178, 183, 184, 203]. The four-region adsorption isotherm

mainly occurs by adsorption of an ionic surfactant onto oppositely charged solid surface.
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At low concentrations of CPC, region (I) generally represents the incomplete monolayer
formation. The adsorption was observed to obey the Henry law [183, 203] where the
sorption increases linearly with the increasing in CPC concentration. At the concentration
of CPC well below CMC, the dominance sorption mechanism is ion exchange between
surfactant monomers with the external cation of straw surface. Here the surfactant
monomers were electrostatically adsorbed to the straw surface, with polar head-groups in

contact with the surface. The same conclusion was also made by Ersoy and Celik [199]
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on adsorption of a cationic surfactant on clinoptilolite. The adsorption mechanism can be

(w3

illustrated in Fig. 4.4, where M is exchangeable cation on the straw surface.

IS

Straw surface Straw surface

Fig.4.4a. Schematic illustration of ion exchange mechanism of the cationic surfactants at
straw water interface
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In region II, as surfactant concentration is increased, rapid increment of adsorption was
observed. This was due to the strong lateral interaction between adsorbed monomers
[176], resulting in the surface aggregation of the surfactant. In this region, the surfactant
is formed as monolayer, bilayer or something in between [237], thus in some cases
creating hydrophobic patches on the surface [238]. The formation of CPC on straw

surface can be illustrated in Fig. 4.4b

]

Straw surface

Fig.4.4b. Incomplete bilayer formation of CPC onto straw surface

Region III shows decreasing slope. The transition between regions II to III is thought to
be due to neutralization of surface charge [176]. In region III, alkyl chain group that

points towards the solution will form hydrophobic interaction with hydrocarbon group of
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free surfactant monomers, thus resulting in the formation of aggregate cluster [183, 185,

203]. The adsorption mechanism can be illustrated in Fig. 4.4¢c

]

Straw surface

Figure 4.4c. A complete bilayer formation of CPC onto straw surface

Region IV is known as an plateau region where the increase in surfactant concentration
only causes a marginal increase in adsorption. It can be observed that, the transition from
region III to IV occurs at or near the CMC. At this stage, increase in the surfactant
concentration does not give much impact as it only leads to increase in the concentration

of surfactant micelles, thus little change will be observed in the adsorption density [185].

4.4  Physicochemical Characteristics of Raw and Modified Barley Straw

The investigation of physical and chemical properties of raw and modified straws is
important to establish the characteristics as well as to understand better the effect of
modification made to the straw. Table 4.1 depicts some of the physical and chemical
properties of RBS, RBS-N, SMBS and BMBS. Unless mentioned, all the analyses were

performed for straw adsorbent size of 0.5-1.18 mm.
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Table 4.1. Characteristics of raw and modified straw

Analysis Unit RBS RBS-N SMBS BMBS
"Potassium mg kg’ ND<0.02 ND<0.02 - -
*Sodium mgkg'  ND<0.01 29.24 - -
*Iron mg kg™’ 45.8 20.55 - -
*Arsenic mgkg!  ND<0.001 0.05 - -
*Cadmium mg kg 0.1 ND<0.005 - -
*Mercury mgkg'  ND<0.002 1.47 - -
"Nickel mg kg 2.1 1.1 - -
*Zink mg kg 11.55 3.4 - -
"Lead mg kg 2.95 4.4 - -
*Chromium mgkg'  ND<0.02 ND<0.02 - -
Carbon % 44.75 44.69 46.95 47.30
Nitrogen % 0.24 0.17 0.36 0.33
*Cellulose % 51.31 56.88 - -
*Hemicellulose % 30.80 28.70 - -
"Lignin % 5.99 6.54 - -
Acidic surface group mmol g 3.35 3.95 3.18 3.18
Basic surface group mmol g 0.45 0.33 0.47 0.50
Water soluble mineral uS cm’* 196.10 195.20 34.60 16.86
content
SBET m’ g’ 95.79 143.50 75.70 63.20
Pore volume ml g’ 0.060 0.086 0.044 0.047
Bulk density gml” 0.077 0.079 0.082 0.090
Particle size distribution

Coarse (> 1.18 mm) % 15 - - -

Medium (0.5-1.18 mm) % 75 - - -

Fines (<0.5 mm) % 10 - - -

# Analyzed at A&A Analytical Laboratory, Shah Alam, Malaysia
' Analyzed at Chemistry Centre, Perth, Western Australia.
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Chemical compositional analysis showed that the amount of potassium, sodium, arsenic
and cadmium in RBS, RBS-N, was generally lower. Higher amount of sodium ions in
RBS-N was found, due to the displacement of the external cation on the straw surface by

Na" from NaOH [169].

The content of cellulose, hemicellulose and lignin in RBS indicates the great potential of
the barley straw as a biosorbent material due to the various functional groups in its
structure [23, 27]. Generally, the percentage of cellulose, hemicellulose and lignin for
RBS and RBS-N was observed to be different, which was due to the effect of base
treatment to RBS. The percentages of cellulose and lignin in RBS-N were higher, while
the percentage of hemicellulose was lower. It was early reported that base treatment
would reduce lignin availability due to breakdown of its structure [166, 239]. The higher
amount of lignin observed in RBS-N was probably due to the disassociation of ligno-
cellulosic complex upon being treated with NaOH [240]. The higher percentage of
cellulose of base treated straw was ascribed to the partial removal of hemicellulose upon
treatment with the base solution [241] which can be reflected by the reduction of
hemicellulose in RBS-N. Similar results were also observed in other investigations [240,
241]. The increase in cellulose percentage produced an advantage in providing more
binding sites in hydroxyl groups [241]. Moreover, the base treatment caused the cellulose
to be more denser and thermodynamically stable than the native cellulose [242]. The
influence of the base treatment on agricultural waste by creating more active sites has

been discussed in section 2.11.

The acidic group is the negatively charged functional group which is responsible for
cation binding. In Table 4.1, surface acidic group of 3.95 mmol g in base treated straw
(RBS-N) was higher than raw straw, RBS (3.35 mmol g'). This was due to the
hydrolization of lignocellulosic material resulting in the formation of surface acidic site
such as carboxylic and hydroxyl which are responsible for binding activities [235].
Lower acidic surface group for SMBS and BMBS compared to RBS and RBS-N
indicates the participitation of these groups in CPC" binding (hence at the same time
increased the value of basic surface group). A similar observation was also reported by
Namasivayam and Sureshkumar [36]. The reduction percentage of acidic group was

calculated as 5.2% for RBS to SMBS and 19.6% for RBS-N to BMBS. The marginally
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higher reduction percentage of the acid surface group observed in BMBS than SMBS
suggested that the sorption of more CPC" on the acidic surface group of RBS-N than
RBS.

It is interesting to determine the percentage of carbon and nitrogen in raw and surfactant
modified adsorbents as the sorption of the cationic surfactant, CPC, was expected to
increase the amount of carbon and nitrogen on the straw. It was found that, the
percentage of carbon and nitrogen on SMBS and BMBS was greater comparing to those
on RBS and RBS-N, respectively (Table 4.1). This was due to loading of CPC. Based on
carbon and nitrogen values, the impregnated CPC on SMBS and BMBS was calculated as
0.086 mmol g and 0.109 mmol g, respectively. Higher amount of CPC in BMBS
suggested more sorption of the CPC on RBS-N than RBS. This is consistent with the
previous studies of treatment of lignocellulosic based adsorbents with sodium hydroxide

[170, 236].

Surface area is also important as the greater surface area can increase the contact between
the cationic surfactant and straw surface. In Table 5.1, BET surface area of 143.5 m* g’
for the base treated straw (RBS-N) was found higher than raw straw, RBS (95.79 m* g).
Treatment with base may dissolve some of the low molecular weight organic matter thus
creating more pores [170, 243]. For surfactant modified straws, lower BET surface area
for BMBS of 63.2 m*> g and 75.7 m* g for SMBS was observed and was ascribed to the
attachment of surfactant moieties to the internal framework of raw adsorbent, causing the
constriction of pore channels [36]. Similar findings were reported for other surfactant
modified adsorbents such as coir pith [36] and montmorillonite [245]. The reduction in
surface area for BMBS and SMBS was 56.0% and 21.0%. Higher reduction percentage of
surface area observed in BMBS than SMBS indirectly suggested the existing of more
CPC in BMBS than SMBS. The above conclusion was in agreement with the analysis of
pore volume for BMBS and SMBS. The higher pore volume reduction percentage of
45.3% was calculated for BMBS compared to 26.7% reduction on SMBS.

The electrical conductivity was found much lower in SMBS and BMBS comparing to
RBS and RBS-N respectively. This suggests the significant reduction in water soluble

mineral after surfactant modification. The electrical conductivity was contributed mainly
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by the leachable mineral contents on the adsorbent surface, such as the external cations
upon exposed to the aqueous medium [208]. A lower value of electrical conductivity
observed for BMBS than SMBS could be due to the less availability of the mineral ions
on its surface, because a greater number of them had already been replaced by CPC ions

during the cationic surfactant modification process.

Bulk density is not an intrinsic property of a material since it varies with the size
distribution of the particles and their environment [246]. A higher bulk density for RBS-
N than RBS was expected as the treatment with the base solution may dissolve some of
the base soluble compounds in the straw. Whereas, a higher bulk density of SMBS and
BMBS compared to RBS and RBS-N was suggested due to the addition of CPC onto
straw surface. Higher bulk density in this case is favorable as it reflects the higher degree
of compaction with less porosity which is good for holding aqueous solution [246]. This

may subsequently improve the contact time between water contaminant and adsorbent.

4.5 Morphology of Raw and Modified Barley Straw

Raw and modified straw surface was investigated by scanning electron microscopy
(SEM) as it provides the information of surface morphology. It offers detailed
topographical and elemental information of solids with virtually large depth field, thus
allowing different specimen to stay in focus at a time [247]. The SEM microphotos of all
the prepared adsorbents showed the highly irregular shapes and size (Figs. 4.5a-d). The
straws also consist of fiber like structure with longitudinal tissue and rough surface (Fig.
4.6). The surface morphology of untreated straw will be different from that of treated
straw as the treatment may significantly alter the physicochemical properties and porosity
of the materials. The treatment with alkaline was expected to partially remove protective
thin wax on straw surface as what can be observed in Fig. 4.7a. SEM micrograph on
existing of protective wax film on straw surface was extensively discussed by
Wisniewska et al. [186]. Meanwhile, Fig. 4.7b shows the appearance of perforation
probably due to the leaching of structural substances that might have exposed the active
sites on RBS-N. This conclusion was also shared by Rocha et al. [160] in the
modification of rice straw. The alkaline treated straw looks jagged and feels rough when
physically touched indicating the substantial changes in its surface. Comparing the

surfactant modified straw (Fig. 4.8b) with the unmodified one (Fig. 4.8a), it can be seen
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that the surfactant modified surface appears to be rough, indicating that the surface had
been covered with organic molecular layer. This was consistent with the observation
made by Achak et al. [248] in their work related to modification of banana peel as a

biosorbent.
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Figure 4.5. SEM micrograph of (a) RBS (b) RBS-N (c) SMBS and (d) BMBS showing
the irregular shape

L S L
£1 54

Figure 4.6. SEM micrograph showing the fiber like structure
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Figure 4.7. SEM micrograph of BMBS indicate (a) removal a thin wax layer (b) creating
a perforation

Figure 4.8. SEM micrograph of straw indicating the deposition of organic molecules
(a) before CPC treatment (b) after CPC treatment
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4.6 Spectroscopic Study of Raw and Modified Straws

FT-IR provides information of the interaction of light and vibrational motion of the
covalent chemical bonding of the molecules and lattice vibrations of ionic crystals [249].
Because each material is a unique combination of atoms, no two compounds produce the
exact same infrared spectrum. Therefore, infrared spectroscopy can result in a positive

identification (qualitative analysis) of different kinds of material [250].

Generally, FT-IR spectrum could be divided into two main regions; ID region (from 4000
cm ' to approximately 1500 cm ') which is useful for correlating peak location with
bonds, and fingerprint region from 1500 to 600 cm ' which is typically complex band and
is not as useful for such correlation [246]. Less meaningful information can be extracted
from these fingerprint region [36]. Fig. 5.5 depicts the spectra of RBS, RBS-N, SMBS
and BMBS. The spectra for RBS and RBS-N did not show any radical changes indicating
that treatment with a mild base solution did not significantly alter the chemical properties
of the straw. Spectrum of RBS and RBS-N contains several peaks, which can be assigned
to: C=0 groups stretching mainly of carboxylic and traces of ketones and esters (at
1712cm™), OH stretching vibrations of H-bonded hydroxyl groups of phenol (at 3418 cm’
", C-O stretching (at 1032 cm™), CH; weak stretching (at 2922 cm™), peaks of OH-
stretching hydroxyl group (wide band at 416 cm™) and C-O (at 1041 cm™). To study the
influence of cationic surfactant modification on straw surface, spectra of raw straw was
compared against the spectra of CPC modified straw and pure CPC. In Fig. 4.9, two new
bands lie at about 2920 and 2850 cm™ was observed for SMBS and BMBS, respectively.
Interestingly, these matching bands also exist in CPC and was referred as asymmetric and
symmetric stretching vibration of methylene C-H adsorption bands originated from the
alkyl chain of CPC by Majdan et al. [251]. On the other hand, no such bands appear in
RBS and RBS-N, thus confirms the existing of CPC in SMBS and BMBS.
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Figure 4.9. FT-IR spectra of RBS, RBS-N, SMBS, BMBS and CPC
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4.7 Desorption of Cationic Surfactant

The retention of the cationic surfactant on straw surface is important, as the surfactant

was responsible for retention of anionic pollutants and low polarity organic pollutants.

Due to this, it is important to investigate the stability of CPC on straw surface being

subjected to the various types of aqueous solution i.e, acidic, basic and organic solvent

solution. Besides, the desorption study also could provide some insights about the

possible mechanism of CPC-straw binding. Figs. 4.10a and 4.10b show the percentages

of CPC desorption in various types of media.
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Figure 4.10a. Desorption of CPC from SMBS in various liquid media
(Shaking speed: 170 rpm; dosage: 2 g L™'; Temperature: 25 °C; Shaking time: 6 h)

0.0001 0.001 0.01
HCI(N)

0.0001 0.001 0.01
NaOH (N )

50 400 70.0
Methanol ( % )

Chapter 4: Modification and Characterization of Straw Surface

73



100

90 4

80

70 4

60 -

50 4

40 |

30 4

Desorption percentage(%)

20 4

10 A

N g — [
00001 0001 0.01 0.0001 0001 0.01 50 400 700
Deionized water HCI (N) NaOH (N ) Methanol ( % )

Figure 410b. Desorption of CPC from BMBS in various liquid media
(Shaking speed: 170 rpm; dosage: 2 g L™'; Temperature: 25 °C; Shaking time: 6 h)

From Figs. 4.10a and 4.10b, desorption of CPC from SMBS and BMBS in deionized
water was 2.67 and 1.94%, respectively. The relatively lower desorption of CPC from
both SMBS and BMBS indicates a strong bonding between the CPC and straw surface.
However, desorption of CPC was observed to increase with increasing acid solution
concentration. The desorption percentages of CPC in 0.0001, 0.001 and 0.01 N HCI were
0.37, 34.97 and 41.45% for SMBS; and 4.15, 20.94 and 26.37 % for BMBS, respectively.
Lower pH solution is believed to increase the positive charge on the adsorbent surface [2]
thus promoting the desorption (due to the electrostatic repulsion) of positively charged
CPC ions from adsorbent surface. The increasing desorption of CPC (as increasing in

acid solution) also suggests ion exchange is the major binding mechanism [77].

As expected, the desorption was found lower in base solutions. At NaOH solution
concentration of 0.0001, 0.001 and 0.01 N, CPC desorption was 2.60, 3.73 and 10.43%
for SMBS; and 3.48, 2.13 and 6.41% for BMBS respectively. Unlike the desorption in
acidic condition, electrostatic repulsion of CPC and straw surface at relatively basic

solution does not expect to happen due to the high concentration of hydroxyl ion
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contributed by NaOH solution. This reduces the possibility of electrostatic repulsion of

straw surface to CPC ion, which subsequently results in the lower removal of CPC.

The behavior of surfactant CPC desorption in an organic solvent was conducted by
exposing SMBS and BMBS to methanol-water solution. It was observed the significant
increase in desorption of CPC at higher methanol concentration. The CPC desorption
percentages on SMBS and BMBS were 2.50, 25.10 and 83.70% for SMBS; and 12.61,
42.72 and 90.37% for BMBS when they were soaked in aqueous methanol solution of 10,
40 and 70% v/v respectively. Leechart et al. [77] suggested that the high percentage of
desorption of adsorbate in adsorbent-organic solvent system indicates chemisorption

interaction of adsorbate and adsorbent.

The desorption study performed on both SMBS and BMBS indicated the different
characteristic of CPC desorption in various types of aqueous solution. The lower
desorption in deionized water suggests the physical sorption is not the major mechanism
in CPC-straw binding, whereas the relatively high desorption in acid and organic solvent

solution suggests the ion exchange and chemisorption as the binding mechanism.

4.8 Section Summary

Modification of barley straw was discussed in detail in this section. It was found that
treatment of the straw with 0.05N NaOH solution greatly increased the sorption capacity.
This would enhance the ability of the straw to retain a cationic surfactant. Adsorption of
raw and treated straws with the surfactant revealed that the plateau was reached at about
the critical micelle concentration of CPC. Due to that, the concentration of 2.5 mmol was
chosen as a concentration for surfactant modification to ensure the formation of bilayer
CPC. It is important to keep the CPC concentration at above CMC so as to create CPC
admicelle/bilayer and at the same time render the positive charge on straw surface. The
sorption system was observed to be four-region adsorption which was common for
sorption of ionic surfactant onto oppositely charged solid surface. The characterization of
the prepared adsorbents showed the existing of cellulose, hemicellulose lignin on barley
straw. Analysis of C and N, acidic and basic surface groups, BET surface area of RBS,
RBS-N, SMBS and BMBS proved the capability of base treated straw (RBS-N) to adsorb
more CPC than raw straw (RBS). For both SMBS and BMBS, the desorption study
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showed a strong bonding of CPC—straw in aqueous and base solution, however the
desorption was found higher with increasing acid and organic solvent solution. The
desorption study suggested that ion exchange and chemisorption are major binding

mechanisms with less involvement of physisorption.
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REMOVAL OF EMULSIFIED OILS

5.1 Introduction

This chapter describes an investigation of barley straws as adsorbents for emulsified
oil wastewater treatment in adsorption systems. Two types of investigations were
performed; batch and fixed bed column studies. Preliminary batch studies were
conducted to determine the effectiveness of the prepared adsorbents, namely; RBS,
RBS-N, SMBS and BMBS in removing different types of emulsified oils such as
canola oil (CO) and standard mineral oil (SMO). The influence of operation
conditions in batch adsorption studies such as contact time, adsorption temperature,
pH of solution, adsorbent particle size on oil uptake were investigated and discussed.
The discussions for the fixed bed column studies mainly concentrated on column
breakthrough. Stability of the oil adsorbed onto straw was evaluated by exposing to
deionized water at various contact time. To provide better understanding of the
adsorption process and mechanism, the data in batch experiments were analyzed with
commonly used kinetic models; pseudo first order, pseudo second order, the Boyd
diffusion model and also isotherm models namely, the Freundlich and Langmuir
isotherm models. Meanwhile for fixed bed column breakthrough, the experimental
data were fitted to some breakthrough models such as the Thomas and Yoon-Nelson.
For some of the experiments that were run in duplicate, standard error of the
measurement for the analyses were calculated using equation 3.16 and the results

were shown in appendix B
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5.2  Preliminary Experiments

The removal percentage of emulsified oils (CO and SMO) on RBS, RBS-N, SMBS
and BMBS is shown in Fig. 5.1. The removal percentage of the emulsified oils using
RBS and RBS-N was observed at 1.46 and 7.64% for CO; 2.82 and 2.56% for SMO,
respectively, On the other hand, SMBS and BMBS demonstrated satisfactory removal
of 89.10 and 90.91% for CO; 90.77 and 92.56% for SMO, respectively. A greater
removal of both types of emulsified oils on surfactant modified adsorbents was
consistent with what was suggested by Alther [49] and Hanna et al. [189], where they
proposed that modification of solid surface with a surfactant created the hydrophobic,
non-polar layer which allowed the partitioning of low polarity droplets. The lower
removal of emulsified oils using RBS and RBS-N provided a sensible justification in
using SMBS and BMBS as adsorbent materials for subsequent experiments. Control
experiments also showed the removal of emulsified oil due to the other factors ( i.e

inside wall of conical flask) was not significant at below 0.05%.
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Figure 5.1. Adsorption of CO and SMO using unmodified and surfactant modified
straw

([CO]: 2750 mgL™", [SMO]: 3900 mgL™", Contact time: 5 h, shaking speed: 170 rpm, dosage: 10 g L,
Experimental temperature: 25 °C, Oil solution pH: CO: 7.5, SMO: 7.3)
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The participation of the cationic surfactant (existed on modified straw) on oil uptake
was later confirmed by FT-IR spectra of the modified straw before and after the
adsorption process. The spectra of oil-loaded SMBS and BMBS were shown in Figs.
5.2a and 5.2b. For the spectra of both CO and SMO loaded straws, it was observed
that the carboxylic and carbonyl group bands at about 2850 cm™ originated from CPC
on the straw surface marginally showed increased intensity compared to the fresh
SMBS and BMBS (Figs. 5.2a and 5.2b). This suggests the involvement of
hydrophobic bonding between SMBS and oil or BMBS and oil. As what have been
reviewed in section 2.14, the adsorption of low polar organic compounds on
surfactant modified adsorbents was reported to be due to partitioning or
adsolubilization to the hydrophobic layer on the modified adsorbent surface. Based on
this knowledge, the mechanism of oil adsorption on the modified straw surface in this
study was proposed and illustrated in Fig. 5.3, which shows emulsified oil partition

within the hydrophobic layer formed on the straw surface.
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Figure 5.2a. FT-IR spectra of SMBS and oil loaded SMBS
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Figure 5.3. Schematic diagram showing adsolubilization/partitioning of oils
(represented by black round dots) in surfactant modified straw.
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5.3 Dynamic Adsorption of Oils

Dynamic sorption of emulsified oils on SMBS and BMBS are shown in Figs. 5.4a
and 5.4b, respectively. Generally, for both adsorbents, the sorption was mainly
consisting of two significant phases: a primary rapid phase and a slow phase. Most of
oil uptake occurred at the initial rapid phase, while the second stage contributed to a
relatively small uptake before the adsorption reached equilibrium. This initial high
rate of oil uptake may be attributed to the greater bare surface existence for
adsorption; however, as time increased, less adsorption sites were available hence a
small amount of oil uptake occurred [252]. In Fig. 5.4a, for low concentration of CO
at 1040 mg L™, the adsorption would reach equilibrium at 15 min for both SMBS and
BMBS. Meanwhile the equilibrium would take a relatively longer at 45 and 35 min,
for SMBS and BMBS, respectively, at higher concentration of 3450 mg L. The
similar trend was observed in Fig. 5.4b for SMO removal, where the equilibrium time
for lower concentration of 1680 mg L was 20 min for both SMBS and BMBS. At the
higher concentration of 4315 mg L™, the equilibrium time was found to be 45 and 35
min for SMBS and BMBS, respectively. Therefore, it is determined that the
equilibrium time can be set at 60 min for both CO and SMO, respectively, in order to

ensure the equilibrium attained for both adsorbents and oil systems.

It was observed that, for both adsorbents, the adsorption capacity and equilibrium
time is dependent on oil initial concentration. The increase in adsorption capacity with
increasing initial oil concentration could be due to higher probability of collision
between adsorbate and adsorbent surface [253]. The equilibrium time was also found
to be quicker for lower oil concentration than the relatively higher initial oil
concentration. It was reported that the optimum contact time was affected by the ratio
of the number adsorption site to the number of adsorbate [254]. The relatively rapid
kinetics observed in this study for both oil systems has significant practical
importance, as it facilitates a smaller reactor volume thus ensuring high efficiency and
economy [255]. The relatively higher removal for BMBS for both oils was due to the
higher loading of CPC on BMBS than on SMBS as what had been discussed in

section 4.3.
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Figure 5.4a. Effect of contact time on adsorption of CO onto SMBS and BMBS.
(CO solution pH: 7.5, shaking speed: 170 rpm, dosage: 10 g L™, Experimental temperature: 25 °C )
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Figure 5.4b. Effect of contact time on adsorption of SMO onto SMBS and BMBS.
(SMO solution pH: 7.3, shaking speed: 170 rpm, dosage: 10 g L', Experimental temperature: 25 °C)
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5.3.1 Kinetic models

The transient behavior of oil adsorption was analyzed using two adsorption kinetic
models, namely pseudo-first-order [215] and pseudo-second-order [216]. Non linear
equations of the models (Egs. 3.4 and 3.5) were curve fitted by employing a trial and
error method using Polymath software, and the results are shown in Figs. 5.5a to 5.5d.
To determine the best model fitted to the experimental data, a comparison of
regression coefficient, R* and error analysis values was performed. In Table 5.1, K,
and K, represent the rate constant of the pseudo first order and second order,
respectively, whereas g and q; are the amount of oil adsorbed at equilibrium and time
t, respectively. For both oils (Table 5.1), R? of the pseudo first order was found higher
than the pseudo second order model for SMBS and BMBS, indicating the suitability
of the pseudo first order model. Moreover, the error function MPSD values of the
pseudo first order model for SMBS and BMBS were also found lower for both of CO
and SMO thus confirming the fit of the pseudo first order kinetic model to the
experimental data. Due to these, the sorption of CO and SMO on SMBS and BMBS

can be concluded as the pseudo first order
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Figure 5.5a. Nonlinear kinetic models for adsorption of CO onto SMBS
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Figure 5.5c. Nonlinear kinetic models for adsorption of SMO onto SMBS
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Table 5.1. Kinetics models constants and error analysis for adsorption of oil on SMBS and BMBS

Experimental Kinetics Models Error analysis

- Adsorbent [55] ge Pseudo 1st order Pseudo 2nd order Pseudo first order  Pseudo 2nd order
mgL' mgg’ ki ge(mgg!) k2 qe (mgg™) R’  MPSD R*  MPSD

SMBS 1040 93.5 0.23 95.81 1.07x10°  105.09 0.99 6.86 0.96 22.88

3450 310.0 0.10 312.39 3.79x 10*  357.16 0.99 7.52 0.96 14.31

Cco BMBS 1040 95.2 0.25 96.66 3.50x 107 105.57 0.99 8.07 0.96 12.41
3450 322.0 0.11 329.86 3.90x 10*  375.04 0.98 12.22 0.95 19.68

SMES 1680 160.6 0.16 159.92 121x 10" 178.16 0.98 13.54 0.96 20.55

4315 400.3 0.10 405.58 263x 107 471.23 0.97 26.66 0.94 33.28

SMO BMBS 1680 161.0 0.18 160.36 142x10°  176.28 0.99 14.46 0.98 42.04
4315 416.7 0.09 420.26 2.13x 10" 496.63 0.96 29.90 0.95 36.61




5.3.2 Kinetic diffusion models
The kinetic diffusion between liquid and solid phases were described using the Boyd
diffusion model [219] to determine the participation of external diffusion or

intraparticle diffusion as a controlling step in a solid liquid adsorption system.

The Boyd plots of B, against time, t for all oil-straw systems were plotted and presented
in Figs. 5.6a, 5.6b, 5.7a and 5.7b. El-Kamash et al, [221] suggested that a straight line
passing through the origin showed sorption processes governed by particle-diffusion
mechanisms; otherwise they are governed by film diffusion. Generally, the majority of
the plots in Figs. 5.6a to 5.7b did not give a good straight line and none of them passed
through the origin, in fact some of the points were really scattered with poor R* (Table
5.2). This indicates that film diffusion mainly controlled the adsorption of oils on

SMBS and BMBS
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Figure 5.6a. Boyd plot for the sorption of CO onto SMBS

Chapter 5: Removal of Emulsified oils 87



7.0

6.0 ]

5.0 1

4.0 4

3.0 1

B (3-1)

2.0 A

OBMBS (1040 mg/L)

1.0 W BMBS (3450 mg/L)

0-0 B T T T T T
4 10 15 20 25 30 35

-1.0

Time (min®®)
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Figure 5.7a. Boyd plot for the sorption of SMO onto SMBS
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Figure 5.7b. Boyd plot for the sorption of SMO onto BMBS

The nature of diffusion process responsible for adsorption of oils onto straws could also
be assessed by determining the effective diffusion rate, D,. The effective diffusion rate
was calculated based on Eq.3.8 and presented in Table 5.2. Due to the physical
appearance of the straw that was not in spherical formed, the possible effective
diffusion rate will be presented in range, based on straw particle size used. D; in the
range of 10° — 10™® cm” s suggested film diffusion as the rate limiting step meanwhile
the value in the range 10" — 10" cm?® s suggests pore diffusion as the rate
determining step [222]. It was found that D; for all the oil-straw systems is in the range
of 10 to 10 cm?® s™(Table 5.2), which is a bit off from 10° — 10® cm? s range. For
CO, the D; values for the concentration of 1040 and 3450 mg L' are 6.89 x 10° -3.84 x
10%and 1.82 x 10°- 1.01 x 10%cm? s™' (SMBS); and 1.33 x 107- 7.40 x 10” and 2.01 x
10°- 1.12 x 10* cm® s (BMBS), respectively.

Meanwhile for SMO, D; values for the concentration of 1680 and 4315 mg L' are 6.33
x 10°-3.52x 10°and 8.13x 10° - 4.53 x 10° cm?® s (SMBS); and 5.30 x 10 - 2.95 x
10° and 7.53 x 10°- 4.19 x 10° cm® s (BMBS), respectively. Based on the findings
made earlier (on the straight line plot in Figs. 5.6a to 5.7b) it can be concluded that the

film diffusion is a controlling step in oil-straw systems, even though the D; value was
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slightly over 10° — 10 cm® s™'. According to many scientists, the physical chemistry
involved may be complex and no single theory of sorption has been put forward to

explain the overall adsorptive removal process [218].

Table 5.2. Effective diffusion constants (D;) for adsorption of oil on SMBS and BMBS

[Oil] Effective diffusion

Oil Adsorbent D; R*
(mg L'l) (cm2 s'l)

1040 6.89x 10° - 3.84x 107 0.96

Cco SMBS 3450 1.82x10° - 1.01x 10" 0.95

1040 1.33x10° - 7.40x 107 0.97

BMBS 3450 201x10° - 1.12x 10" 0.89

1680 6.33x10° - 3.52x 107 0.96

SMO SMBS 4315 8.13x10° - 4.53x107 0.88

1680 530x10° - 2.95x 107 0.91

BMBS 4315 7.53x10° - 4.19x 107 0.94

(Solution pH: CO= 7.5, SMO=7.3, shaking speed: 170 rpm, dosage: 10 g L', Straw size radius: 0.025-
0.059 cm, Experimental temperature: 25 °C)

5.4  Isotherm Models

The distribution of adsorbate between liquid and solid phases is described by several
isotherms such as the Langmuir [223] and Freundlich [224]. The nonlinear equations of
the respective isotherm models are listed in Egs. 3.11 and 3.12 in Section 3.9. The non
linear isotherms of SMBS and BMBS for adsorption of CO and SMO were curve fitted
by employing a trial and error method using Polymath software and the plots are shown
in Figs. 5.8a and 5.8b respectively. In Table 5.3, Qmax is referred to the maximum
adsorption capacity and b is a constant related to energy of adsorption, which
quantitatively reflects the affinity between the adsorbent and adsorbate. Ky is related to
adsorption capacity and n is an empirical formula that varies with degree of

heterogeneity.

To determine the isotherm model that best fitted to the experimental data, a comparison
of regression coefficient, R* and error analysis values were performed. Even though all

the plots gave relatively good R* above 0.97 (Table 5.3), however, upon comparing the
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MPSD error functions, the error value for the Langmuir isotherm of SMBS and BMBS

was lower for both emulsified oils. Due to this, the Langmuir model could best describe

the isotherm model for adsorption of emulsified oil on modified barley straw. The

values of Qmax calculated from the Langmuir model for SMBS and BMBS were 576.00

and 613.29 mg g for CO; 518.63 and 584.22 mg g”' for SMO respectively.
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Figure 5.8a. Nonlinear adsorption isotherms for adsorption of CO onto SMBS and
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Table 5.3. Freundlich and Langmuir isotherm constants and error analysis for adsorption of oil on SMBS and BMBS

Experimental Isotherm Models Constant Error Analysis
Oil Adsorbent Langmuir Freundlich Langmuir Freundlich
Qumax b Kr n R’ MPSD R’ MPSD
(mggh  (Lmgh (mg g

o SBS 576.00 3.87x 107 84.39 4.25 0.99 6.60 0.95 13.02
BBS 613.29 520x 107 112.11  4.76 0.97 9.09 0.91 20.23
SBS 518.63 1.74x 107 182.31  7.23 0.98 3.35 0.96 4.47

SMO

BBS 584.22 1.38x 107 165.03 5.94 0.96 5.32 0.92 7.65




5.5 Comparison with Other Adsorbents

Table 5.4 presents a comparison of the effectiveness of SMBS and BMBS as potential
adsorbents for treatment of emulsified oil wastewater in terms of maximum
adsorption capacity with other previously reported adsorbents. Higher adsorption
capacity of BMBS than SMBS was expected due to the availability of more CPC in
BMBS as what have been discussed in section 4.3. The adsorption capacity for CO
was higher than SMO, consistent with the finding reported by Mysore et al [98] in the
applicability of expanded vermiculite in sorption of emulsified CO and SMO.
Srinivasan and Viraraghavan [256] suggested different interfacial tension of CO and
SMO. The interfacial tension of the emulsified CO and SMO was reported as 3.1 and
5.3 dynes cm™, respectively [98]. Compared to other adsorbents, it was found that
SMBS and BMBS exhibited higher adsorption capacity than other surfactant modified
adsorbents such as organoclay but lower than chitosan and wool based adsorbents.
Taking the removal of the emulsified oil of CO and SMO as the reference, SMBS and
BMBS were found to exhibit much greater sorption capacity when compared to the
expanded and hydrophobized vermiculite. However, it was noted that each of the
reported adsorption capacity or removal percentage has been achieved under specific

experimental conditions and the extent of chemical modification made.

Chapter 5: Removal of Emulsified oils 93



Table 5.4. Oil sorption capacities of some sorbents reported in literature

Sorption
Adsorbent Emulsified oil studied capacity Reference
(gg")
Palm Oil Mills Effluent
Chitosan powder (POME) 3.42 [45]
Chitosan flake Palm Oil Mills Effluent (POME) 1.97 [45]
Bentonite Organoclay Valcool (Cutting oil) 0.14 [22]
) Valcool (Cutting oil) 2.10x107
Organoclay/anthracite [19]
Refinery Effluent 7.00 x10”
Acetylated rice straw Machine oil 24.0 [257]
Acetylated Sugarcane Machine oil 18.8 [258]
bagasse
Natural wool fibers . . [6]
(NWF) Real oily wastewater (motor oils) 5.56
Recycled wool-based
nonwoven material Real oily wastewater (motor oils) 5.48 [6]
(RWNM)
Sepiolite Real oily wastewater (motor oils) 0.19 [6]
Standard Mineral Oil (SMO) 1.50 x107
Canola oil (CO) 4.63 x107
Expanded vermiculite Kutwell 45 1.10 x102 [98]
Refinery Effluent(RE) 8.09 x10°
Standard Mineral Oil (SMO) 2.30 x102
Canola oil (CO 6.12x10”
Hydrophobized vermiculite anola oil (CO) X 3 [98]
Kutwell 45 6.70 x10
Refinery Effluent(RE) 2.70 x10°
Modified barley straw Canola oil (CO) 0.576 .
) ) This study
(SMBS) Standard Mineral Oil (SMO) 0.519
Modified barley straw Canola oil (CO) 0.613 This stud
(BMBS) . . is study
Standard Mineral Oil (SMO) 0.584
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5.6 Effect of the Oil Solution Temperature

The effect of temperature on adsorption of CO and SMO was conducted at different
temperatures of 23, 33 and 43 °C for both SMBS and BMBS and are shown in Figs.
5.9a and 5.9b, respectively. For CO, generally, the adsorption capacities of SMBS at
the temperatures of 23 and 33 °C were about the same at 101.8 and 100.8 mg g for
SMBS; and 107.2 and 105.89 mg g for BMBS, respectively. A similar trend was
observed for SMO, where the adsorption capacities of SMBS at the temperatures of
23 and 33 °C were 98.0 and 99.0 mg g for SMBS; and 99.5 and 98.0 mg g for
BMBS, respectively. This indicated a small effect of temperature at lower range on
the adsorption capacities. However, at relatively higher temperature (43°C),
adsorption capacity of SMBS and BMBS, increased slightly to 109.2 and 101.8 mg g
for CO; and to 195.6 and 107.2 mg g for SMO respectively. It was reported that at
elevated temperature, the movement of molecules increased (motion is higher) and the
interactions between sorbent and molecules were more intense [259] thus increasing

the diffusion rate of adsorbate molecules across the adsorbent surface [260].
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Figure 5.9a. Effect of temperature on adsorption of CO and SMO onto SMBS
([CO]J: 1183 mgL™", [SMO]: 1170 mgL"', Contact time: 60 min, shaking speed: 170 rpm, dosage: 10 g
L™, Oil solution pH: CO: 7.5, SMO: 7.3)
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Figure 5.9b. Effect of temperature on adsorption of CO and SMO onto BMBS
([CO]J: 1183 mgL™", [SMO]: 1170 mgL"', Contact time: 60 min, shaking speed: 170 rpm, dosage: 10 g
L™, Oil solution pH: CO: 7.5, SMO: 7.3)

5.7  Effect of Initial pH of Oil Solution

The effect of pH on oil adsorption on SMBS and BMBS is presented in Figs. 5.10a
and 5.10b, respectively. pH of solution is an important parameter in the adsorption
process due to its influence on the surface properties of adsorbent and surface binding
sites [72]. For SMBS, the adsorption capacity of emulsified oil at pH 2 to 6 increased
rapidly from 18.0 to 72.4 mg g (CO) and 15.4 to 77.4 mg g for SMO. A similar
trend was observed for BMBS where adsorption capacity of the emulsified oil at pH 2
to 6 was increased from 26.0 to 77.4 mg g and 14.2 to 79.1 mg g for CO and SMO
respectively. For the both oils, a maximum removal was observed at the pH around
neutrality and higher pH of 8 and 10 did not improve the adsorption further. At lower
pH, huge amount of protons are available and may saturate the adsorbent sites, thus
increasing the cationic properties of adsorbent surface [100], which will greatly
reduce the hydrophobic properties of the adsorbent. As for the stability of oil
emulsion solution, strong acidic condition will induce oil emulsion to form unstable
flocs [45], which could cause coalescence and subsequently increases the size of oil
droplets. The oil droplets partition at the hydrophobic layer of surfactant [96] were

expected to experience severe stress due to existence of larger (and heavier) oil
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droplets. The increase in oil uptake with increasing pH solution was due to the

reduced number of protons, hence maintaining the hydrophobicity level of adsorbent

surface.
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Figure 5.10a. Effect of solution pH on adsorption of CO and SMO onto SMBS
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Figure 5.10b. Effect of solution pH on adsorption of CO and SMO onto BMBS
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5.8 Effect of Adsorbent Size

The influence of particle size of adsorbent on CO and SMO sorption are shown in
Figs. 5.11a and 5.11b, respectively. It was observed that the adsorption of oil on
SMBS and BMBS was highly particle size dependent. The CO and SMO removal was
increased with decreasing particle size for both adsorbents. For SMBS, the particles at
the size of <0.50, 0.50 - 1.18, and 1.18 - 1.4 mm gave the correspondent adsorption
capacities of 92.0, 83.2 and 80.6 mg g for CO and 93.1, 88.7 and 87.5 mg g for
SMO, respectively. Meanwhile, For BMBS, straw particles at the size of <0.50, 0.50 -
1.18, and 1.18 - 1.4 mm showed adsorption capacities of 111.0, 108.5 and 102.0 mg g
! for CO and 110.5, 109.7 and 104.0 mg g' for SMO, respectively. From the results, it
is seen that adsorption capacity was the highest at the smallest adsorbent size. It was
widely reported that decreased adsorbent size would increase the effective contact
area [244]. This would eventually make more binding sites available hence increasing
the adsorption capacity. However, a relatively small increase in adsorption capacity
(for all the emulsified oil-straw system) did commensurate with marginally increased
surface area, which was due to the unsaturation of the adsorption sites during the
adsorption process. It was also likely due to the blockage of some of adsorbent sites as

well increasing mass transfer resistance[261].
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Figure 5.11a. Effect of adsorbent size on adsorption of CO and SMO onto SMBS
([CO]J: 1020 mgL™", [SMO]: 1180 mgL", Contact time: 60 min, shaking speed: 170 rpm, dosage: 10 g
L™, Experimental temperature: 25°C, Oil solution pH: CO: 7.5, SMO: 7.3 )
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Figure 5.11b. Effect of adsorbent size on adsorption of CO and SMO onto BMBS
([CO]J: 1020 mgL™", [SMO]: 1180 mgL™", Contact time: 60 min, shaking speed: 170 rpm, dosage: 10 g
L™, Experimental temperature: 25°C, Oil solution pH: CO: 7.5, SMO: 7.3)

5.9 Desorption

A desorption study is important for the determination of the amount of oil that will be
probably washed out when it is exposed to the natural erosion agent such as water (i.e
raining, flood etc). The desorption percentages of oil loaded on SMBS and BMBS are
shown in Figs. 5.12a and 5.12b, respectively. It was found that SMBS loaded with CO
or SMO showed a lower percentage of desorption. The percentages of oil leached out
at the exposure time of 1, 5 and 24 h were 4.13, 3.67 and 3.67% for CO and 1.50, 2.80
and 2.20% for SMO, respectively. Meanwhile, for BMBS the percentages of oil
leached out at the exposure time of 1, 5 and 24 h were 2.30, 2.30 and 1.84% for CO
and 1.70, 1.95 and 2.10% for SMO, respectively. It is apparent that the percentage of
desorption is small and does not change with time. This suggests a strong bonding of
oil with adsorbent surface and high stability of oil adsorbed on SMBS and BMBS thus

making the arrangement/storage of the oil loaded straw much easier and simple.
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(Shaking speed: 170 rpm; dosage: 10 g L™'; Experimental temperature: 25 °C)
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5.10 Column Breakthrough Studies

In practice, it was more sensible and efficient to remediate real wastewater using fixed
bed columns [262] rather than batch operation. The overall performance of a column
bed is usually described by the concept of breakthrough curve, which has been
thoroughly discussed in section 3.8. The breakthrough curves for CO and SMO are
shown in Figs. 5.13a to 5.13d. By comparing the breakthrough curves for RBS and
RBS-N with the example of column breakthrough curves in Chapter 3, Fig. 3.2, it is
evident that RBS and RBS-N gave poor adsorption performance for removal of both,
CO and SMO. This is consistent with the results observed in batch operation (section
5.2). Whereas, for SMBS and BMBS, the favorable adsorption was observed, where
all the curves have the ‘S’ shape, an indication of a favorable and normal column
adsorption process (Figs. 5.13c and 5.13d). For CO and SMO, it was observed that
there was a time where the oil concentration in the effluent remained zero until a
certain period where the concentration started to increase gradually. For both CO and
SMO, the oil concentration in effluent remained zero far much longer in BMBS than
SMBS thus showing the superior performance of BMBS than SMBS in treating CO
and SMO. As for the control experiments, the removal for both of the emulsified oil
due the other factors especially the column set up such as glass beads, tubing etc was

observed as low with removal percentage below 0.065%.
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Figure 5.13a. Breakthrough plot of CO adsorption on RBS and RBS-N
([COJ: 1030 mgL", H=8.0 cm; m= 5.0 g; Q = 7.0 mL min™")

Chapter 5: Removal of Emulsified oils 101



1.2

104 S
o] [m] m]
[m]
0.8 | o o o
L 6.
o
0.4 1
0.2 ¢ RBS
O RBS-N
0.0 T T T T T
0 25 50 75 100 125 150
Time (min)

Figure 5.13b. Breakthrough plot of SMO adsorption on RBS and RBS-N
([SMO]: 990 mgL", H=8.0 cm; m = 5.0 g; Q = 7.0 mL min™")
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Figure 5.13c. Breakthrough plot of CO adsorption on SMBS and BMBS
([COJ: 1030 mgL", H=8.0 cm; m=5.0 g; Q = 7.0 mL min™")
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Figure 5.13d Breakthrough plot of SMO adsorption on SMBS and BMBS
([SMO]: 990 mgL™", H=8.0 cm; m = 5.0 g; Q = 7.0 mL min™)

Table 5.5 summarizes the important data in the column studies. HRT is referred to
column hydraulic residence time, meanwhile t, and V}, are referred to breakthrough
time and breakthrough volume, respectively. texn and Ve, are referred to column
exhaustion time and column exhaustion volume, respectively, q, is referred to
breakthrough capacity. To facilitate the calculation of bed adsorption capacity, the
breakthrough concentration is set at 5% of the inlet concentration. It is generally
reported that the breakthrough concentration could be set at approximately 3-5% of

the inlet concentration [263].

Hydraulic residence time (HRT) of effluent in the column is calculated as followed:

Vcl
HRT = d’ (5.1)

where Vi and Q are volume of column (mL) and effluent volumetric flowrate ( mL

min™) respectively.
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The total effluent volume (V.s, mL) and breakthrough capacity (g, mg g'') can be
calculated from the following Eqs. 5.2 and 5.3, respectively:

Verr = Qt (52)
g, =225 (5.3)
m

where Q is the volumetric flow rate (mL min™), t is the time (min), t, is the

breakthrough time (min) and m is the weight of adsorbent (g).

Data in Table 5.5 shows that SMBS gave shorter breakthrough time than BMBS for
both CO and SMO. The breakthrough time of SMBS and BMBS was 223 and 274
min (CO); 192 and 225 min (SMO) respectively. At this point, 5 g of SMBS and
BMBS manage to treat 1561 and 1918 L of CO; and 1344 and 1575 L of SMO
respectively. These volumes correspond to column adsorption capacities (qp) of
321.57 and 395.11 mg g for CO; 266.11 and 311.85 mg g for SMO respectively.
Generally, BMBS showed a greater efficiency compared to SMBS in treating the
emulsified oil (of CO and SMO) as it exhibits longer column breakthrough time,
higher amount of oil that could be treated at breakthrough time and greater adsorption
capacity. This, however, was expected and consistent with the findings made in batch

adsorption studies of CO and SMO (section 5.3)

Table 5.5. Adsorption breakthrough data for column experiments for the adsorption of
CO and SMO on SMBS and BMBS

Oils  Adsorbent HRT ty Vi o[ texn Vexh
(min) (min) (mL) (mg g™ (min)  (mL)
o SMBS 7.55 223 1561 321.57 296 2072
BMBS 7.55 274 1918 395.11 360 2520
MO SMBS 7.55 192 1344 266.11 255 1785
BMBS 7.55 225 1575 311.85 270 1890
([CO]J: 1030 mgL™", [SMO]: 990 mgL", H=8.0 cm; m = 5.0 g; Q = 7.0 mL min™)
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5.11 Modelling of Breakthrough Curves of Fixed Bed Column

It was rather difficult to understand the dynamic behavior of the fixed bed column as
it did not occur at a steady state while the influent still passed through the bed. To
describe the column adsorption behavior better, fixed bed column data were fitted to
the models such as the Thomas and Yoon-Nelson models. The nonlinear equations of
the Thomas and Yoon-Nelson models listed in Eqgs. 3.13 and 3.14 (section 3.8)
respectively were curve fitted for adsorption of CO and SMO by employing a trial and

error method using Polymath software.

5.11.1 Thomas model

The Thomas model, which was formulated by Thomas [20], determines the maximum
solid phase concentration of solute on the adsorbent and the adsorption rate constant
for an adsorption column [264]. The Thomas plots for adsorption of CO and SMO are
shown in Figs. 5.14a and 5.14b, respectively. At a glance, it can be observed that the
simulation of whole breakthrough curve was predicted well by the Thomas model for
all the plots. Higher R* values of 0.99 for all the column tests (Table 5.6) indeed
support this assumption. The packing of column with glass beads did help to evenly
distribute the solute throughout the adsorbent packing thus minimize the occurrence
of axial dispersion as what has been discussed in section 2.9. This was consistent with
the hypothesis made to the Thomas model, which assumes no axial dispersion exists

in the model.
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Figure 5.14a. Nonlinear Thomas plots for adsorption of CO onto SMBS and BMBS

1.2
1.0
0.8 -
L\i 0.6 -
O
0.4 -
02 | ¢ SMBS
O BMBS
Loy —— Thomas
00 DD BBE
100 200 300 400

0
Time (min)
Figure 5.14b. Nonlinear Thomas plots for adsorption of SMO onto SMBS and BMBS
Table 5.6 summarizes the parameter values in the column studies where k., is the
Thomas rate constant and q, is the equilibrium oil uptake. The values of column
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adsorption capacity, q, calculated from the Thomas model for SMBS and BMBS were
368.82 and 440.74 mg g' for CO; 310.16 and 336.31 mg g for SMO respectively.
Higher adsorption capacity of BMBS than SMBS for both CO and SMO column
system was consistent with the finding obtained in batch study (section 5.4) and was
expected due to more CPC on BMBS. Generally, the adsorption capacities calculated
from the Thomas model were lower than the values obtained in batch study, where the
batch adsorption capacity was 576.00 and 613.29 mg g' for CO; and 518.63 and
58422 mg g' for SMO respectively. The relatively lower adsorption capacity
observed in fixed bed column than batch adsorption study was due to the liquid
channelling as suggested by Amarasinghe and Williams [265], which results in poor
interaction of adsorbate-adsorbent, poor adsorbate residence time and the failure of
the column system to reach equilibrium. This was evidenced as contact time of straw
with emulsified oil in column test was only 7.55 min and this is below the equilibrium

time of about 35 min obtained from batch dynamic experiments ( section 5.3)

Table 5.6. Thomas model parameters for fixed-bed adsorption of CO and SMO

Oil Adsorbent ktn Jo R?
mL mg” min (mg g
o SMBS 0.137 368.82 0.99
BMBS 0.109 440.74 0.99
SMBS 0.105 310.16 0.99
SMO
BMBS 0.210 336.31 0.99

5.11.2 Yoon-Nelson model

The Yoon-Nelson model is the simplest theoretical model developed by Yoon-Nelson
to investigate the column breakthrough behavior. Similar to the Thomas model, the
Yoon-Nelson model also gave good fit to the experimental data as this model also
predicts the same uptake capacity and C/C; values for a particular data set, thus it’ll
be expected to produce the same R” values [225]. This was indeed true in non linear
plots of the Yoon-Nelson model in Figs. 5.15a to 5.15b, where a good fit with R? of
0.99 for all column systems was obtained, similar to the R? obtained in the Thomas

model ( Table 5.7).
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Figure 5.15a. Non linear Yoon-Nelson plots for adsorption of CO onto SMBS and
BMBS
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Figure 5.15b. Non linear Yoon-Nelson plots for adsorption of SMO onto SMBS and
BMBS

In Table 5.7, kyn is referred to the Yoon-Nelson rate constant and t is the time
required for 50% adsorbate breakthrough. The time required to achieve 50% of
adsorbate breakthrough (t) for SMBS and BMBS was 265 and 314.7 min for CO; and

227.7 and 250.9 min for SMO respectively. The relatively longer ‘1’ for BMBS for
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the column system compared to SMBS showed the superiority of BMBS. It could be
observed in Table 5.6 also that the time required to achieve 50% of adsorbate
breakthrough(t) from the Yoon-Nelson model seemed in agreement with the
experimental data (tsoeexp) In all column adsorption tests. This indicated a good

applicability of this model in column operations.

Table 5.7. Yoon-Nelsons model parameters for fixed-bed adsorption of CO and SMO

Dye Adsorbent kyn T ts0%.exp R’
(min™) (min) (min)
o SMBS 0.136 265.6 266 0.99
BMBS 0.109 314.7 316 0.99
SMBS 0.103 227.7 228 0.99
SMO
BMBS 0.205 250.9 251 0.99

5.12 Section Summary

Preliminary experimental study showed the effectiveness of cationic surfactant
modified straws (SMBS and BMBS) in emulsified oil removal compared to
unmodified straw. FT-IR spectra also indicated the involvement of surfactant on the
straw surface to adsorb emulsified oil. The effectiveness of the surfactant modified
barley straw, SMBS and BMBS for removal of emulsified CO and SMO was further
evaluated under various experimental conditions. In batch study, the kinetic
experiment revealed that adsorption of oil was rapid at initial stage followed by a
slower phase where equilibrium uptake was achieved. The equilibrium time at lower
concentration of CO (1040 mg L™") was 15 min for both SMBS and BMBS while the
equilibrium would take a relatively longer time at 45 and 35 min, for SMBS and
BMBS, respectively, at higher concentration of CO (3450 mg L™). For SMO, the
equilibrium time for both SMBS and BMBS at lower concentration of 1580 mg L™
was 20 min and the equilibrium time increased to 45 and 35 min for SMBS and
BMBS, respectively at relatively higher concentration of 4315 mg L. The
equilibrium time was quicker for lower oil concentration. The pseudo first order
model provided the best correlation for the kinetic adsorption data of CO and SMO
for both SMBS and BMBS. Kinetic diffusion study identified that film diffusion
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controls the adsorption of CO and SMO onto SMBS and BMBS. The Langmuir
isotherm provided the best correlation for the equilibrium adsorption data of CO and
SMO for both SMBS and BMBS. The Langmuir adsorption capacities of CO and
SMO were 576.00 and 518.63 mg g for SMB; 613.29 and 584.22 mg g for BMBS
respectively. Desorption experiments also showed good stability of the oil loaded on
straw while being exposed to deionized water. The batch study also revealed that the
adsorption was a function of oil concentration, pH, temperature of oil solution and
adsorbent particle size. The adsorption capacity of SMBS and BMBS for both CO and
SMO was very low when the oil solution was in strong acidic condition (i.e pH 2) and
reached the maximum at pH around neutral (pH 6 and 8). For both CO and SMO,
temperature at 23 and 33 °C could not produce a significant effect on the adsorption.
However, oil uptake was found to increase at relatively higher temperature (43 °C).
Adsorption capacity was observed to be closely related to size of adsorbent where

adsorption capacity was the highest at the smallest adsorbent size.

In fixed bed column tests, RBS and RBS-N revealed the low efficiency in removing
CO and SMO. SMBS and BMBS were observed to favorably treat both oils and the
breakthrough curves exhibited the ‘S’ shape, an indication of a favorable and normal
column adsorption process. Compared to SMBS, the effluent concentration remains
longer at zero for BMBS for both oils, thus giving an indication of superiority of
BMBS compared to SMBS. The breakthrough column models such as the Thomas
and Yoon-Nelson models showed the suitability to the column experimental data of
SMBS and BMBS with R* of 0.99 for all the plots. The Thomas column adsorption
capacities of CO and SMO were 368.82 and 310.16 mg g"' for SMBS; and 440.74 and
336.31 mg g' for BMBS respectively. Meanwhile Yoon-Nelson prediction of time

required to achieve 50% of adsorbate breakthrough (1) seemed to agree well with the

time (tsov,cxp) Obtained from experimental data. The time required to achieve 50% of

adsorbate breakthrough (t) for CO and SMO were 265 and 227.7 min for SMBS; and
314.7 and 250.9 min for BMBS respectively.
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REMOVAL OF ANIONIC DYES

6.1 Introduction

This section describes the tests of various barley straws as adsorbents for anionic dye
wastewater cleaning. Two types of studies were conducted and would be discussed,
batch and fixed bed column results. Preliminary experiments were conducted in batch
wise mode to determine the effectiveness of the prepared adsorbents, RBS, RBS-N,
SMBS and BMBS in removing different types of anionic dyes such as Acid Blue
(AB40), Reactive Blue (RB4) and Reactive Black (RBS5). The influences of
physicochemical parameters such as contact time, adsorption temperature and pH of
the solution on dye uptake were investigated and discussed. Leaching of dyes from
spent straws was also tested at different initial pHs to determine the stability and
applicability of the adsorbents at various conditions and the possible mechanism of
sorbed dyes onto straw surface. The fixed bed column tests mainly showed column
breakthrough curves. To understand the adsorption process and mechanism, the
experimental data were analyzed with commonly used kinetic models; pseudo first
order, pseudo second order and the Boyd diffusion model; Isotherm was described by
fitting isotherm data to the Freundlich and Langmuir models. For fixed bed column
breakthrough, the experimental data were fitted to the models such as the Thomas and
Yoon-Nelson equations. Standard error of the measurement for the analyses that was
run duplicated were calculated using equation 3.16 and the results were shown in

appendix C
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6.2 Preliminary Experiments

The removal percentages of various dyes on RBS, RBS-N, SMBS and BMBS are
shown in Fig. 6.1. Unlike SMBS and BMBS, the removal percentage of anionic dyes
using RBS and RBS-N was low at 7.61 and 12.57% for AB40; 1.51 and 1.34% for
RB4; and 0.92 and 0.80% for RBS5, respectively. SMBS and BMBS demonstrated
satisfactory removal of 95.63 and 97.44% for AB40; 55.05 and 62.41% for RB4; and
55.24 and 64.68% for RBS5 respectively. This was consistent with what was reviewed
in section 2.14, where the modification of straw with a cationic surfactant renders the
sorbent surface to a positive potential, which is conducive for the removal of anionic
contaminants. The results also agree well with the findings made in section 5.2 for
preliminary experiments of oil-straw system, thus justified SMBS and BMBS as
effective adsorbents for subsequent studies. Insignificant removal below 0.005% of
dye solution was observed in experiments that were run without the participation of

an adsorbent material thus eliminating the dye removal due to the other factors.
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Figure 6.1. Adsorption of AB40, RB4 and RB5 using unmodified and surfactant
modified straw

([Dyes]: 100 mgL™'; Contact time: 8 hrs; shaking speed: 170 rpm; dosage: 2 g L™'; Temperature: 25 °C;
Dye solution pH: AB40: 5.8, RB4: 5.6, RB5: 5.0)
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The participation of a cationic surfactant on dye uptake was confirmed by the FT-IR
spectra of fresh and dye loaded adsorbents. The comparison of the spectra of fresh
and dye loaded of SMBS and BMBS are shown in Figs. 6.2a and 6.2b. It was
observed that the carboxylic and carbonyl group bands at about 2850 cm™ originated
from CPC on the straw surface, as discussed in section 4.6, were almost diminished
compared to the fresh SMBS and BMBS (Figs. 6.2a and 6.2b). Thus, it suggests the
involvement of chemical bonding between the modified straw and anionic dyes,
AB40, RB4 and RBS5. Similar conclusions were made by Sureshkumar and
Namasivayam [162] in their work pertaining to the removal of Rhodamine B by a
surfactant modified coir pith. It was revealed in section 2.14, that modification with a
cationic surfactant resulted in reversing the surface potential of straw from negative to
positive. This made the surfactant modified straw surface capable of removing anionic
contaminants, as it will attract the opposite electron charged surface. Based on this
information, the mechanism of anionic dyes adsorbed on the modified straw surface

was suggested and illustrated in Fig. 6.3.
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Figure 6.2a. FT-IR spectra of SMBS and dyes loaded SMBS
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Figure 6.2b. FT-IR spectra of BMBS and dyes loaded BMBS
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Figure 6.3. Schematic diagram showing anionic dyes (represented by black round
dots) attracted onto opposite charge on modified straw
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6.3 Dynamic Adsorption

Dynamic sorption of dyes on SMBS and BMBS are shown in Figs. 6.4a to 6.4c. As
presented, most of dye uptake on SMBS and BMBS occurred at the primary rapid
phase, followed by a relatively small uptake before it reached equilibrium. It was
pointed out in section 5.3 that greater amounts of binding sites that are available at
earlier stage of adsorption process may contribute to this rapid stage. However, as the
time was increased a small amount of dye uptake was observed due to less adsorption
sites available [252]. Generally, the equilibrium time of dye sorption was observed to
increase with increasing initial dye concentration. For lower concentration of dye
solution of 50 mg L™, the equilibrium time on SMBS and BMBS was 90 and 60 min
for AB40; 90 and 60 min for RB4; 180 and 210 min for RBS5, respectively. For a
higher concentration of dye solution of 100 mg L™, the equilibrium time on SMBS
and BMBS was 120 and 90 min for AB40; and 120 and 240 min for RB4 and RB5 for
both SMBS and BMBS. Due to the variation of equilibrium time at different initial
concentrations of each dye, therefore, it is determined that the batch adsorption time
can be set at 300 min for all the dyes to ensure the equilibrium attained as well as to

ease of handling and sampling scheduling during the experimental work.
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Figure 6.4a. Effect of contact time on adsorption of AB40 onto SMBS and BMBS.
(Shaking speed: 170 rpm; dosage: 2 g L™'; Temperature: 25 °C; Dye solution pH: AB40: 5.8, RB4: 5.6,
RBS: 5.0)
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Figure 6.4b. Effect of contact time on adsorption of RB4 onto SMBS and BMBS.

(Shaking speed: 170 rpm; dosage: 2 g L™'; Temperature: 25 °C; Dye solution pH: AB40: 5.8, RB4: 5.6,
RB5:5.0)
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Figure 6.4c. Effect of contact time on adsorption of RB5 onto SMBS and BMBS.
(Shaking speed: 170 rpm; dosage: 2 g L™'; Temperature: 25 °C; Dye solution pH: AB40: 5.8, RB4: 5.6,
RBS: 5.0)
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6.3.1 Kinetic Models

The dynamic dye adsorption was simulated using pseudo-first order and pseudo-
second-order models. Non linear equations of the pseudo-first order (Eq. 3.4) and
pseudo-second-order models (Eq. 3.5) were curve fitted by employing the trial and
error method using Polymath software and the plots are shown in Figs. 6.5a to 6.7b.
The best fit of the experimental data to the kinetic models was determined by the
regression coefficient, R? and error values of the modelling. In Table 6.1, K; and K;
represent the rate constants of the pseudo first order and second order, respectively,
whereas qe and q; are the amount of dye adsorbed at equilibrium and time t,

respectively.

At a glance, the equilibrium adsorption from the pseudo second order model seems to
be better in modelling the kinetics for the whole adsorption process. This was further
confirmed by performing the regression and error function analysis on experimental
data. For Table 6.1, the R? of the pseudo second order for AB40, RB4 and RB5 was
either the same or higher than that of the pseudo first order model, suggesting the
suitability of the pseudo second order to the experimental data. The error function
values, MPSD, of the pseudo second order model for SMBS and BMBS were lower
(than those of the pseudo-first order model) for all the dye adsorption, which further
validates the better fit of the pseudo second order to the experimental data. The
experimental adsorption capacities (qe, exp) much closer to the calculated adsorption
capacities (e, ca1) in Table 6.1 indeed suggests the better fit of the second order model

to the kinetics.
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Figure 6.5a. Nonlinear kinetic models for adsorption of AB40 onto SMBS

60
[m] [m] . 0. m]
‘_IT\
(o))
(o))
(o
E ---------- el . Sl ~
=
o

o Experimental (100 mg/L)
o Experimental (50 mg/L)
First order kinetic model
------- Second order kinetic model

100 150 200

Time (min)
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Figure 6.7a. Nonlinear kinetic models for adsorption of RB5 onto SMBS
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Figure 6.7b. Nonlinear kinetic models for adsorption of RB5 onto BMBS
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Table 6.1. Kinetics models constants and error analysis for adsorption of anionic dyes on SMBS and BMBS

Experimental Kinetics Models Constant Error Analysis
Dyes Adsorbent [Dye] Exp. Pseudo first order Pseudo second order Pseudo first order Pseudo second order
e Kk e k, Qe R’  MPSD R’ MPSD
(mgLh) (mggh) (min)  (mggh (min)  (mgg))

SBS 50 27.01 0.09 26.51 430x10° 29.38 0.98 10.69 0.98 7.31

ABA40 100 43.82 0.09 39.28 2.90x 107 43.19 0.86 26.53 0.93 19.06
50 27.01 0.16 25.97 9.00 x 107 28.04 0.98 5.76 0.99 2.09

BBS 100 47.83 0.12 44.72 4.00x 107 48.63 0.92 20.15 0.97 13.04

50 20.1 0.22 19.43 1.07 x 10" 20.47 0.96 7.22 0.98 4.00

RB4 58S 100 23.9 0.36 22.23 2.75x 107 23.24 0.94 7.50 0.98 4.85
50 20.4 0.28 19.57 2.41x 107 20.62 0.95 7.51 0.98 4.18

BBS 100 25.7 0.19 23.44 1.22x 107 25.07 0.88 11.30 0.95 7.44

50 21.4 0.06 20.02 3.90x 107 21.68 0.93 16.86 0.97 9.22

>B% 100 27.7 0.06 25.30 3.20x 107 27.40 0.91 15.10 0.98 7.83

KBS BBS 50 24 0.04 22.97 3.00x 107 25.15 0.94 17.25 0.98 9.10
100 31.2 0.04 28.73 1.00x 107 31.92 0.93 19.41 0.98 11.04




6.3.2 Kinetic diffusion models

Similar to the oil-straw system, the Boyd diffusion model was also employed to predict
the controlling diffusion step in dye-straw systems. The theory regarding this model has
been thoroughly discussed in section 3.7.2. In brief, film diffusion is identified as a
controlling step if the straight line in the Boyd plots does not pass through the origin and
the effective diffusion, D; values calculated from the Boyd model fall within 10° - 1038

cm’s™ range.

The Boyd plots of B, against time derived from Eqs.3.9 and 3.10 (section 3.7) for all the
dye-straw systems were constructed and presented in Figs. 6.8a to 6.10b. Unlike the
Boyd plots for CO and SMO (section 5.3.2), the plots for AB40 and RBS5 produce
relatively decent linear lines with R? of about 0.9 and higher for all the plots (Table 6.2).
However, AB40 and RBS linear line was not passing through the origin, even though
RB5 was so close (to pass the origin) (Figs. 6.8a to 6.10b). This indicates the film
diffusion mainly governed the AB40 and RBS5 sorption onto SMBS and BMBS. As for
RB4, the plots however did not produce a good straight line where some of the points
were scattered with a low R%. Due to this, it could also be concluded that film diffusion

played a role as a controlling step similar to AB40 and RBS.

To further justify the above conclusion, the kinetic data were also evaluated in the form
of effective diffusion rate, D; Due to the straw that was not spherical shape, in Table 6.2,
D, was presented in a range of values according to radius range of straw particle size
used. D; values for all the plots are presented in Table 6.2 and were observed to be within
the range of 10° — 10® cm?® s, thus further confirming our earlier conclusion that the
slowest step sorption of AB40, RB4 and RB5 on SMBS and BMBS was film diffusion.
For AB40, D; for the concentration of 50 and 100 mg L™ are 3.72 x 10°-2.07 x 10” and
1.40 x 10° - 7.79 x 10° (SMBS); and 2.04 x 10° - 1.14 x 10° cm® s (BMBS),

respectively.

For RB4 the D; for the concentration of 50 and 100 mg L™ are 4.00 x 10°-2.23 x 107
and 1.04 x 10°-5.82 x 10° cm® s (SMBS); and 3.06 x 10°-1.71 x 10®and 6.90 x 107 -
3.84 x 10° cm® s' (BMBS), respectively. Meanwhile, for RB5, the D; for the
concentration of 50 and 100 mg L™ are 8.36 x 107 - 4.66 x 10° and 6.90 x 107 - 3.84 x
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10° cm? s™' (SMBS); and 9.56 x 107 - 5.33 x 10 and 6.40 x 107 - 3.56 x 10° cm* 5™

(BMBS), respectively.
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Figure 6.8a. Boyd plot for the sorption of AB40 onto SMBS
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Figure 6.8b. Boyd plot for the sorption of AB40 onto BMBS
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Figure 6.9a. Boyd plot for the sorption of RB4 onto SMBS
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Figure 6.9b. Boyd plot for the sorption of RB4 onto BMBS
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Figure 6.10a. Boyd plot for the sorption of RB5 onto SMBS
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Figure 6.10b. Boyd plot for the sorption of RB5 onto BMBS
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Table 6.2. Effective diffusion constants (D; ) for adsorption of dye on SMBS and BMBS

[Dye] Effective diffusion
Oil Adsorbent D; R’
(mg L") (cm’s™)
50 3.72x10% - 2.07x 107 0.99
AB40 SMBS 100 1.40x 10° - 7.79x 10° 0.99
50 3.23x10° - 1.80x 107 0.99
BMBS 100 2.04x10° - 1.14x 107 0.99
50 4.00x10° - 2.23x10° 0.93
RB4 SMBS 100 1.04x 10° - 5.82x10° 0.72
50 3.06x 10 - 1.71x10° 0.98
BMBS 100 6.90x 107 - 3.84x10° 0.57
50 8.36x 107 - 4.66x10° 0.9
RB5 SMBS 100 6.90x 107 - 3.84x10° 0.99
50 9.56x 107 - 5.33x10° 0.88
BMBS 100 6.40x 107 - 3.56x 10 0.99

(Solution pH: AB40= 5.8, RB4=5.6, RB5.0; shaking speed: 170 rpm, dosage: 2 g L', Straw size radius:
0.025-0.059 c¢m, Experimental temperature: 25 °C)

6.4 Isotherm Models

The adsorption isotherms that relate the adsorbate concentration in the bulk and the
adsorbed amount on the interface at equilibrium were evaluated using the Langmuir and
Freundlich models. The isotherm models shown in Figs. 6.11a to 6.11c were constructed
using the Polymath software based on nonlinear equations of the isotherm models, listed
in Eqgs. 3.11 and 3.12. The best fit of experimental data to the isotherm model can be
evaluated by regression coefficient, R* and error analysis values. Generally, all the plots
produced a decent fit to the equilibrium data as shown in Table 6.3 with R* of above 0.94
for all the plots. However, the error function, MPSD, showed that the Langmuir model
gave lower error values for all the dyes; AB40, RB4 and RB5. This indicated the better fit
of the Langmuir model to the experimental adsorption isotherm of dyes on SMBS and
BMBS. The maximum Langmuir adsorption capacities, Qmax for adsorption of AB40,
RB4 and RB5 were 45.44, 29.16 and 24.92 mg g”' for SMBS; and 51.95, 31.50 and 39.88
mg g for BMBS, respectively.
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Fig. 6.11c. Nonlinear adsorption isotherms for adsorption of RB5 onto SMBS and BMBS
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Table 6.3. Freundlich and Langmuir isotherm constants and error analysis for adsorption of anionic dyes on SMBS and BMBS.

Experimental Isotherm Models Constant Error Analysis
Oil Adsorbent Langmuir Freundlich Langmuir Freundlich
Quuax b K n R’ MPSD R’ MPSD
(mggh) (Lmgh) (mg g-1
AB40 SMBS 45.44 1.31 27.66 8.81 0.97 13.39 0.95 15.04
BMBS 51.95 1.94 31.92 8.81 0.99 9.30 0.94 21.58
RB4 SMBS 29.16 2.44 22.46 17.93 0.96 9.91 0.96 10.35
BMBS 31.50 1.54 21.94 12.75 0.94 12.69 0.95 12.30
RBS SMBS 24.92 0.23 15.78 11.49 0.99 5.05 0.98 5.57
BMBS 39.88 0.10 14.87 5.33 0.97 9.06 0.94 14.23




6.5 Comparison with Other Adsorbents

Table 6.4 presents some previous investigations of AB40, RB4 and RB5 adsorption
on various materials. Between SMBS and BMBS, BMBS was observed to give higher
adsorption capacity for all the dyes. This was expected due to the availability of more
CPC on BMBS. Among the dyes, the highest adsorption of AB40 was found. This
was due to the smaller molecular size of AB40 at 473.43 g mol™ thus facilitating it
accessible to the small pores on the adsorbent compared to the 673.4 g mol” for RB4

and 991.8 g mol™' for RB5.

Compared with other adsorbents, SMBS and BMBS were found to give a moderate
adsorption capacity. For AB40, sorption capacity of SMBS and BMBS was about half
of that on cone biomass of Thuja orientalis. Calcine alunite was observed to give the
highest sorption capacity, about four times higher than BMBS and SMBS. The only
work on adsorption of RB4 was conducted by Bayramoglu et al. [266] using various
modification fungal biomass. Heat treated fungal biomass was observed to give the
highest removal of 156.9 mg g which was about five times higher than SMBS and
BMBS. For RB5, SMBS and BMBS show better adsorption than some other biomass
adsorbents such as sunflower seed, mandarin peeling and peat but lower than other
adsorbents such bamboo derived carbon material, bone char and etc. It was noted that
the reported adsorption capacity or removal percentage was achieved under specific

experimental conditions as well as the varying extent of modification.
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Table 6.4. Anionic dye sorption capacities of some sorbents reported in literature.

Adsorbent ST Cé_llp 2siiy Reference
(mgg )
AB40
Calcined alunite 212.8 [267]
Cone biomass of Thuja orientalis 97.1 [268]
Activated carbon 57.5 [267]
Activated carbon 53.6 [269]
Modified straw BMBS 52.0 This study
Modified straw SMBS 45.4 This study
Titania 23.7 [270]
RB4

Fungal Biomass (p. chrysosporium):

heat-treated 156.9 [266]
acid treated 147.7 [266]
native(no treatment) 134.5 [266]
base-treated 81.1 [266]
Modified straw BMBS 315 This study
Modified straw SMBS 29.2 This study
RB5
Bamboo carbon (1400 m* g™) 545 [271]
Bamboo carbon (2123 m* g™") 447 [271]
Active carbon F400 176 [271]
Corynebacterium glutamicum 169.5 [272]
Bone char 157 [271]
Sepiolite with hexadecyltrimethylammonium bromide 120.5 [273]
Modified basic oxygen furnace slag (BTA) 109.5 [274]
Aspergillus foetidus 106 [275]
Brown seaweed 101.5 [276]
Activated carbon using cetylpyridinium chloride 99.2 [196]
Modified basic oxygen furnace slag (BTM) 74.4 [274]
Zeolite with hexadecyltrimethylammonium bromide 60.6 [273]
Activated carbon 58.8 [277]
Modified straw BMBS 39.9 This study
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Modified straw SMBS 24.9 This study

Natural zeolite with cetyltrimethylammonium bromide 12.9 [278]
Coal Fly ash 7.9 [277]
Coal Fly ash (High Lime) 7.2 [278]
Peat 7.0 [271]
Biomass fly ash 4.38 [279]
Sunflower seed shells 0.87 [280]
Mandarin peelings 0.75 [280]

6.6 Effect of Dye Solution pH

The results of the pH effect on the adsorption of dyes are presented in Figs. 6.12a and
6.12b. In general, pH of solution is an important parameter due to its influence on the
surface properties of adsorbent and surface binding sites [244]. In this work the
influence of pH on the removal of AB40, RB4 and RBS5 was analyzed by varying the
initial pH of dye solution in the range of 3-11. Generally, the adsorption of dyes on
SMBS and BMBS is highly pH dependent. For RB4 and RBS5, percentage removal
was generally found to decrease with increasing initial pH. A complete removal of
RB4 and RB5 on SMBS and BMBS was equivalent to 49.97 mg g at pH 3.
However, a different trend was observed for AB40, where the maximum removal of
43.42 and 48.74 mg g for SMBS and BMBS respectively was achieved at pH 5. The
adsorption of AB40 and RB4 was also observed to give low removal at highly basic
solution (i.e pH 11)

Basically, lower pH solution was believed to increase the positive charge on the
adsorbent surface, which would attract the negatively charged functional groups
located on the reactive dyes [2]. As the initial solution pH increases, the amount of
negatively charged sites on the adsorbent surface also increases thus may create the
electrostatic repulsion between the adsorbent surface and RB4 and RB5 molecules.
This observation is consistent with several reported works [281-283]. The relatively
lower removal percentage of AB40 at high acidity (i.e pH 3) could be attributed to the
decrease in the dissociation of acid dyes in the solution thus subsequently reducing

the concentration of anionic species available to interact with positively charged
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adsorbent sites [284]. A similar trend had also been observed by Atia et al. [285]. On
the other hand, higher adsorption of RB5 at pH 11 was reported by Oei et al. [17],
attributed to the presence of phenolic group in RBS structure, thus increasing the
chemical bonding between RB5 and modified straw at pH > 6, which subsequently

increases the adsorption.
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Figure 6.12a. Effect of solution pH on adsorption of AB40, RB4 and RB5 onto SMBS
([Dyes]:100 mgL™"'; Shaking speed: 170 rpm; Contact time: 5 hrs; dosage: 2 g L'; Temperature: 25 °C)
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Figure 6.12b: Effect of solution pH on adsorption of AB40, RB4 and RBS5 onto

BMBS
([Dyes]:100 mgL™"'; Shaking speed: 170 rpm; Contact time: 5 hrs; dosage: 2 g L™'; Temperature: 25 °C)
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6.7 Effect of Experimental Temperature of Dye Solution

The effect of temperature on adsorption of AB40, RB4 and RBS5 conducted at
different temperatures of 30, 40 and 50 °C for both SMBS and BMBS are shown in
Figs. 6.13a and 6.13b, respectively. Experimental temperature of the dye solution at
high values is important because various textile and other dye effluents are discharged

at relatively high temperatures of about 50 to 60 °C [286].

For AB40, generally, the temperature gives a significant influence. The adsorption
capacity of SMBS and BMBS was observed to increase from 41.85 to 58.00 mg g"'on
SMBS and 50.56 to 70.59 mg g on BMBS when the temperature increased from 30
to 50 °C. For RB4 and RBS5, experimental temperature, however, did not produce a
significant effect. Sorption capacity at the temperature of 30, 40 and 50 °C was 18.27,
22.07 and 20.52 mg g (RB4); and 22.50, 23.63 and 24.17 mg g (RB5), respectively.
Meanwhile for BMBS, sorption capacity was 20.69, 24.05 and 21.90 mg g (RB4);
and 26.40, 31.17 and 33.73 mg g (RB5) respectively. Even though there is a
variation in sorption capacity for RB4 and RBS5, generally the difference is not so

significant.

Increase in experimental temperature was suggested to improve the mobility and
dispersion of dyes thus increasing the significant attraction of dye molecules and
adsorbent surface [77, 287] and may also enlarge the adsorbent pore size [288]. This
seems to be true for AB40 where the sorption capacity was observed to tremendously
increase at elevated temperature. However, a contrast trend was found for RB4 and
RBS, the increase in temperature has little effect on sorption capacity. A similar result
was also observed by Tung et al. [289]. The increase of AB40 sorption with
temperature was suggested to be physisorption where the relatively small molecular
weight allows more AB40 to be retained at enlarged adsorbent pores [2]. RB4 and
RBS5 did not expected to experience this possibly due to the relatively high molecular
size. The exceptionally higher sorption capacity of AB40 than RB4 and RB5 was
attributed to the occurrence of both of the physisorption and chemisorption in sorption

of AB40.

Chapter 6: Removal of Anionic Dyes 135



70

60 | AB40

50 -

40 |

0 | RB4 RB5

Adsorption capacity (mg g?)

20

10

30 40 50 30 40 50 30 40 50

Temperature (°C)

Figure 6.13a. Effect of solution pH on adsorption of AB40, RB4 and RBS5 onto SMBS
([Dyes]:100 mgL™"'; Shaking speed: 170 rpm; Contact time: 5 hrs; dosage: 2 g L'; Dye solution pH:
AB40: 5.8, RB4: 5.6, RB5: 5.0)

90

80 1 AB40

70 A

60 -

50 |
RB5
40
RB4

30

Adsorption capacity (mg g})

20

10

30 40 50 30 40 50 30 40 50

Temperature (°C)

Figure 6.13b. Effect of solution pH on adsorption of AB40, RB4 and RB5 onto

BMBS
([Dyes]:100 mgL™"'; Shaking speed: 170 rpm; Contact time: 5 hrs; dosage: 2 g L'; Dye solution pH:
AB40: 5.8, RB4: 5.6, RB5: 5.0)
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6.8 Dye Desorption

The desorption behavior of AB40, RB4 and RB5 from the dye loaded SMBS and
BMBS was evaluated at different aqueous pHs and is presented in Figs. 6.14a and
6.14b. Overall, the desorption pattern for the dye loaded SMBS and BMBS was
observed to increase with increasing initial solution pH. The percentages of dyes
leached out at pH of 3, 5, 8 and 11 for SMBS were 0, 13.86, 16.14 and 17.27% for
AB40; 0, 10.09, 12.66 and 26.78% for RB4; 0, 16.85, 23.96, 26.80% for RBS.
Meanwhile for BMBS the same series of solution resulted in the dye desorption of 0,
6.61, 8.82 and 13.84% for AB40; 0, 9.64, 15.07 and 27.77% for RB4; 0, 4.96, 13.51,
22.13% for RBS5 respectively. As discussed in section 6.6, the net positive charge on
adsorbent surface decreases as the pH of solution increases. The reduced amount of
positively charge adsorbent sites (as pH of solution increases) indirectly promotes the
desorption (due to the electrostatic repulsion) of negatively charged dye particle from
adsorbent surface. This strongly suggests the role of ion exchange as one of the
important binding mechanism in this particular system [77]. This observation agrees

well with the work done by Li et al. [290].
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Figure 6.14a. Desorption of SMBS loaded AB40, RB4 and RBS5 at different pH

solution
(Shaking speed: 170 rpm; Contact time: 6 hrs; dosage: 2 g L™'; Temperature: 25 °C)
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(Shaking speed: 170 rpm; Contact time: 6 hrs; dosage: 2 g L™'; Temperature: 25 °C)

6.9 Column Breakthrough Studies

The breakthrough curves for AB40 and RB5 are shown in Figs. 6.15a to 6.15d. Upon

comparing with the example of column breakthrough curve (Fig. 3.2), RBS and RBS-

N gave poor adsorption performance for removal of both AB40 and RBS5. This poor

performance was observed similarly in batch operation (section 6.2). For SMBS and

BMBS, a favorable adsorption was observed, with all the curves exhibiting the ‘S’

shape. For both dyes, BMBS proved to be more superior as the effluent remained zero

dye concentration longer than SMBS before the concentration of dye started to

increase gradually. Consistent with the finding on emulsified oil (section 5.10), the

removal for both of the dyes in a control run was observed not really significant with

removal percentage below 0.0045%.
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Figure 6.15a. Breakthrough plot of AB40 adsorption for RBS and RBS-N
([AB40]: 50 mgL", H=8.0 cm; m = 5.0 g; Q = 10.0 mL min™)
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Figure 6.15b. Breakthrough plot of RBS5 adsorption for RBS and RBS-N
([RB5]: 50 mgL™", H=8.0 cm; m=5.0 g; Q = 10.0 mL min™)
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Figure 6.15c¢. Breakthrough plot of AB40 adsorption for SMBS and BMBS

([AB40]: 50 mgL", H=8.0 cm; m= 5.0 g; Q = 10.0 mL min™")
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Figure 6.15d. Breakthrough plot of RBS adsorption for SMBS and BMBS

([RB5]: 50 mgL™!, H=8.0 cm; m = 5.0 g; Q = 10.0 mL min™")

Table 6.5 summarizes the important data in the column studies. Similar to the fixed

bed column studies for removal of oils that was discussed in section 5.10, the
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breakthrough concentration for this study was also set at 5% of the inlet
concentration. Hydraulic residence time, HRT, total effluent volume, Vi and

breakthrough capacity, q, can be calculated from Egs. 5.1, 5.2 and 5.3, respectively.

Data in Table 6.5 show that SMBS gave shorter breakthrough time than BMBS for
both dyes, AB40 and RB5. The breakthrough time for SMBS and BMBS was 382 and
576 min (AB40); 176 and 265 min (RB5), respectively. The total volume of the dyes
(V) to be treated by 5 g of SMBS and BMBS was estimated as 3280 and 5760 mL for
AB40; and 1760 and 2650 mL for RB5, respectively. These volumes are equivalent to
column breakthrough capacities of 38.2 and 57.60 mg g for AB40; 17.60 and 26.50
mg g for RB5 respectively. Overall, BMBS showed a greater efficiency compared to
SMBS as it exhibited longer column breakthrough time (t), thus higher amount of
dyes that could be treated at breakthrough time which leads to greater adsorption
capacity. This however was expected and consistent with the finding obtained in

batch adsorption study of AB40 and RB5 (section 6.4)

Table 6.5. Adsorption breakthrough data for column experiments for the adsorption of
AB40 and RB5 on SMBS and BMBS

Dye Adsorbent ~ HRT ty Vi o texh Vexn
(min) (min) (mL) (mgg-l) (min) (mL)
SMBS 5.29 382 3820 38.20 825 8250
AB40
BMBS 5.29 576 5760 57.60 1060 10600
RBS SMBS 5.29 176 1760 17.60 414 4140
BMBS 5.29 265 2650 26.50 526 5260

([AB40]: 50 mgL", [RB5]: 50 mgL", H=8.0 cm; m= 5.0 g; Q = 10.0 mL min™")

6.10 Modeling of Fixed Bed Column Breakthrough

To describe the adsorption behavior of column tests better, the results from fixed bed
column tests were fitted to two column models such as the Thomas and Yoon-Nelson
models. The nonlinear equations of these models listed in Eqgs. 3.13 and 3.14 (section
3.8) were curve fitted for adsorption of AB40 and RBS5 by employing the trial and

error method using Polymath software.
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6.10.1 Thomas Model

The Thomas model, which was formulated by Thomas [20], determines the maximum
solid phase concentration of solute on the adsorbent and the adsorption rate constant
for an adsorption column [264]. Higher R? values of 0.99 shown in Table 6.6 for all
the column system simulation of whole breakthrough curves were predicted well by
the Thomas model for all the plots (Figs. 6.16a and 6.16b). The Thomas model is
applicable as the packing of glass beads in column did assist in fairly distribution of
the dye solution thus minimize the phenomenon of axial dispersion as what has been

discussed in section 2.9.
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Figure 6.16a. Nonlinear Thomas plots for adsorption of AB40 onto SMBS and BMBS
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Figure 6.16b. Nonlinear Thomas plots for adsorption of RB5 onto SMBS and BMBS

Important information obtained from the Thomas model is presented in Table 6.6. The
adsorption capacities, qo, calculated from the Thomas model for SMBS and BMBS
were 53.39 and 77.29 mg g’ for AB40; and 24.57 and 33.46 mg g' for RB5
respectively. Meanwhile, the capacities from batch adsorption for AB40 and RB5
were 45.4 and 24.92 mg g' for SMBS; 51.95 and 39.88 mg g' for BMBS
respectively. For AB40, the adsorption capacity of SMBS and BMBS from fixed bed
column was higher, whereas, for RB5 the adsorption capacity of SMBS and BMBS
was slightly lower in fixed bed column. The relatively higher adsorption capacity for
fixed bed column for AB40 was suggested to be due to the relatively low molecular
weight thus allowing greater penetration of AB40 molecules to the available
adsorbent pores, even though its residence column time of about 5.29 min is much
lower than the equilibrium contact time obtained from batch study (section 6.3).
Meanwhile for RBS, relatively higher molecular weight resulted in higher liquid
channelling thus lowered the interaction of RB5 molecule with SMBS and BMBS.
Consistent with the finding made in fixed bed column of CO and SMO removal

discussed in section 5.11.1, the adsorption capacity of BMBS was found greater than
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SMBS for both of AB40 and RBS5 column system. This was also consistent with the
finding obtained in batch adsorption study of AB40 and RB5 in section 6.4.

Table 6.6. Thomas model parameters for fixed-bed adsorption of AB40 and RB5

Dye Adsorbent krn Jo R?
(mLmg' min")  (mgg")
AB40 SMBS 0.261 53.392 0.99
BMBS 0.225 77.29 0.99
RBS SMBS 0.583 24.570 0.99
BMBS 0.592 33.456 0.99

6.10.2 Yoon-Nelson model

The relatively high R? values obtained from the Yoon-Nelson breakthrough model as
shown in Figs. 6.17a and 6.17b prove the suitability of this model to simulate the
column experimental data. The time required to achieve 50% of adsorbate

breakthrough (t) for SMBS and BMBS was 578.4 and 783.47 min for AB40; and

254.4 and 353.38 min for RB5 respectively (Table 6.7). The relatively longer ‘1’ for
BMBS for the column systems compared to SMBS showed the better applicability of
BMBS to treat the studied dyes. It was found that, the time required to achieve 50% of

adsorbate breakthrough(t) from the Yoon-Nelson model seemed to agree well with

the experimental data (tsouexp) 10 the entire column adsorption system, thus indicating

a high applicability of this model in column operations.
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Figure 6.17b. Nonlinear Yoon-Nelson plots for adsorption of RB5 onto SMBS and

BMBS
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Table 6.7. Yoon-Nelsons model parameters for fixed-bed adsorption of AB40 and
RBS5

Dye Adsorbent kyn G t50%.exp R’
(min™) (min) (min) (mg g™
SMBS 0.013 547.84 549 0.99
AB40
BMBS 0.011 783.47 771 0.99
RBS SMBS 0.028 254.54 249 0.99
BMBS 0.028 353.38 345 0.99

6.11 Section Summary

In this study, the effectiveness of surfactant modified barley straws, SMBS and
BMBS were tested for removal of anionic dyes, AB40, RB4 and RBS5. In batch study,
the kinetic experiments revealed that adsorption of dyes was rapid at initial stage
followed by a slower phase where equilibrium uptake was achieved The kinetic
studies revealed that kinetic equilibrium adsorption of AB40, RB4 and RB5 was
below 240 min depending on the initial dye concentration. Based on batch kinetic
study of adsorption of AB40, RB4 and RB5 on SMBS and BMBS, the pseudo-
second-order model fitted well to the kinetic data. Meanwhile kinetic diffusion study
indicated that film diffusion controled the adsorption of AB40, RB5 and RB5 onto
SMBS and BMBS. The batch study also revealed that the adsorption was a function
of dye concentration, pH and temperature. Adsorption capacity was found higher at
pH about neutrality for AB40, but at acidic condition (pH 3) for the other dyes. The
temperature influenced AB40 adsorption capacity, showing higher value as the
temperature increased. However, for RB4 and RBS5, the variation of temperature
provided insignificant effect on the adsorption efficiency. The Langmuir isotherm
provided the best correlation for the equilibrium adsorption data of AB40, RB4 and
RB5 for both SMBS and BMBS. The Langmuir adsorption capacity of AB40, RB4
and RB5 were 45.4, 29.16 and 24.92 mg g’ for SMBS and 51.95, 31.50 and 39.88 mg
g for BMBS respectively. Desorption experiments also showed that the dye loaded
straw was stable at acidic condition but desorption increased as the pH increased (i.e

pH 11).

Chapter 6: Removal of Anionic Dyes 146



In the fixed bed column study, SMBS and BMBS gave the favorable and normal
column adsorption process for AB40 and RB5. However, for RBS and RBS-N, the
column adsorption performance was poor. For both dyes, the duration of zero dye
concentration in effluent was found shorter on SMBS compared to BMBS. The
models of the Thomas and Yoon-Nelson show their suitability in the simulation of the
column experimental data on SMBS and BMBS with R? of 0.99 for all the plots. The
adsorption capacities from the Thomas model for SMBS and BMBS were 53.39 and
77.29 mg g' for AB40; and 24.57 and 33.46 mg g' for RB5 respectively. It was
observed that the time required to achieve 50% of adsorbate breakthrough (t) from the
Yoon-Nelson model agreed well with the experimental data (tsov.exp) in all column
adsorption system. The time required to achieve 50% adsorbate breakthrough (t) for
SMBS and BMBS was 578.4 and 783.47 min for AB40; and 254.4 and 353.38 min

for RB5 respectively. BMBS showed better applicability to treat dye wastewater as

the ‘1’ was relatively longer than SMBS for all the column system.
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CONCLUSIONS AND FUTURE
DIRECTIONS

7.1 Introduction

This chapter summarizes the overall findings and presents some recommendations for
future work. Batch and column studies show the effectiveness of oil and dye removal
using the prepared adsorbents. The influences of parameters on the adsorption
capacity were reported as well. Future directions generally suggest the possibilities of
conducting further experiments either by using new materials and/or by another

experimental procedure in order to complement the existing data.
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7.2 Conclusions

This report investigates the feasibility of using an agricultural byproduct, barley
straw, as a low cost adsorbent to remediate emulsified oil and dye contaminated
wastewater. Due to the several issues associated with utilizing raw barley straw, such
as the relatively low adsorption efficiency and the possibility of releasing soluble
organic matters, raw barley straw was modified with a base solution and a cationic
surfactant. In this study, surfactant modified barley straw samples were prepared,
characterized and tested for removal of emulsified oil and dyes from aqueous
solution. Thus the summary is based on the results of, 1) Characterization of prepared
adsorbents, ii) Batch adsorption study of the prepared adsorbents for emulsified oil

and dye removal and iii) suggestions for the future research.

The main aim of characterization was to understand the properties of raw and
modified straws. This is important, as these will help in understanding of adsorption
behavior and mechanisms associated with the materials. Some of the important

findings drawn from the characterization studies are listed below:

e The contents of cellulose, hemicelluloses, and lignin were 51.31, 30.80 and
5.99% for raw straw (RBS) and 56.88, 28.70 and 6.54% for base treated straw
(RBS-N). The existence of higher cellulose, hemicelluloses and lignin in straw

samples indicates the suitability of barley straw to be used as adsorbents.

e FT-IR spectra of RBS, RBS-N, SMBS, BMBS and pure CPC showed that the
CPC was successfully retained on the straw surface. This can be proven by the
two new peaks matching with CPC peaks at about 2922 and 2853 cm™ on both
SMBS and BMBS. The existence of CPC on SMBS and BMBS was further
supported by other evidences as well. The surface area for the modified straws
(SMBS and BMBS) was found to remarkably decrease compared to the
unmodified ones (RBS and RBS-N).

e Carbon and Nitrogen contents (C and N) were also higher in the modified
straws (SMBS and BMBS) compared to RBS and RBS-N, due to cationic

surfactant impregnation, hexadecylpyridinium chloride, CPC. Based on carbon

Chapter 7: Conclusion and Future Directions 149



and nitrogen values, the impregnated CPC on SMBS and BMBS were
calculated as 0.086 and 0.109 mmol g, respectively.

e Acidic groups were higher on RBS-N than RBS due to the base treatment
increasing the negatively charged surface binding sites on RBS-N. This is
important, as these binding sites will be responsible for attracting cationic
surfactant molecules to bind onto them. More active binding sites could attract
more cationic surfactant. The amount of acidic surface groups was observed
lower in the modified straws (SMBS and BMBS) compared to RBS and RBS-
N.

e Surface area was also higher for base treated straw (RBS-N) compared to RBS
due to dissolution of some organic matters. Higher surface area means greater
access/contact of cationic surfactant with the straw surface. However, the
surface area was found to significantly decrease on SMBS and BMBS due to
the existence of CPC on modified straws. The reduction percentage of surface

area for BMBS and SMBS was 56.0% and 21.0%, respectively.

e The desorption of CPC from modified straws in deionized water was lower at
2.67 and 1.94% for SMBS and BMBS, respectively. However, desorption
percentage was increased in aqueous acid solutions, where the desorption
percentages of CPC in 0.0001, 0.001 and 0.01 N HCI were 0.37, 34.97 and
41.45% for SMBS; and 4.15, 20.94 and 26.37% for BMBS, respectively. This
indicates a strong bonding between the CPC and straw surface with the ion
exchange dominating the major mechanism of CPC adsorption on barley

straw.

Utilization of prepared adsorbents for removal of emulsified oil and dyes was
conducted in batch and fixed bed column reactors. In batch studies, influences of
several significant experimental parameters were tested to determine the suitability of
prepared adsorbents at different environment. The experimental data were later fitted
to kinetic models and isotherm models to determine the best models that can represent

the data obtained. The batch study for removing canola oil (CO) and standard mineral
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oil (SMO) was tested only with the modified straw as a preliminary study using raw

straw, RBS and RBS-N gave less than satisfactory removal efficiencies. The outcome

drawn from the batch adsorption study of oil removal could be concluded as follows:

The dynamic studies revealed that oil adsorption on SMBS and BMBS was
rapid and equilibrium could be reached within 40 min. The equilibrium time at
lower concentration of CO (1040 mg L) was 15 min for both SMBS and
BMBS. The equilibrium would however take a relatively longer at 45 and 35
min, for SMBS and BMBS, respectively at higher concentration of CO (3450
mg L. For SMO, the equilibrium time for both SMBS and BMBS at lower
concentration of 1580 mg L' was 20 min and the equilibrium time increased
to 45 and 35 min for SMBS and BMBS, respectively at a relatively higher
concentration of 4315 mg L. The equilibrium was quicker for lower oil
concentration. Kinetic experiments showed that the pseudo first order model

fitted the kinetic data better.

Kinetic diffusion study showed that film diffusion controled the adsorption of
CO and SMO onto SMBS and BMBS. The effective diffusion rates, D, for
initial CO concentration of 1040 and 3450 mg L™ are 6.89 x 10 -3.84 x 107
and 1.82 x 10°- 1.01 x 107 %cm” s™" (SMBS); and 1.33 x 10°- 7.40 x 10° and 2.01 x
10°- 1.12 x 10 cm® 5™ (BMBS), respectively. In the case of SMO, D; values
for the concentration of 1680 and 4315 mg L™ are 6.33 x 10° - 3.52 x 10™ and
8.13x 10°-4.53x 10°cm’ s (SMBS); and 5.30 x 10°- 2.95 x 107 and 7.53 x 10"
6.419x 10°cm’ s (BMBS), respectively

For isotherm experiments, CO and SMO adsorption on SMBS and BMBS
were better represented by the Langmuir isotherm other than the Freundlich
model. The Langmuir batch adsorption capacities of CO and SMO were
576.00 and 518.63 mg g for SMBS; and 613.29 and 584.22 mg g for
BMBS, respectively.

Chapter 7: Conclusion and Future Directions 151



e The oil adsorption was observed as a function of straw particle size.
Adsorption was higher at smaller particle size. Adsorption capacity on SMBS
at the particle size (< 0.50 mm) was 92.0 and 93.1 mg g”' for CO and SMO
respectively. Meanwhile, for the same particle size of BMBS, the
corresponding adsorption capacities of CO and SMO were 111.0 and 110.5

mg g, respectively.

e For both CO and SMO, the maximum removal was observed at pH around
neutrality (6 and 8). For SMBS, adsorption capacities at pH 6 and 8 were 72.4,
72.7 mg g (CO) and 77.4, 78.7 mg g (SMO) respectively. For BMBS, the
corresponding values were 77.4, 74.7 mg g (CO) and 79.1, 78.5 mg g
(SMO).

o Little effect on adsorption capacity at lower range of experimental temperature
(23 and 33 °C) was observed for both SMBS and BMBS. However, adsorption
was found to slightly increase at relatively higher temperature (43 °C). For
SMBS, adsorption capacity at experimental temperature of 43 °C was 109.2
and 105.6 mg g for CO and SMO respectively. For BMBS, experimental
temperature of 43 °C gave their corresponding adsorption values at 110.8 and

107.2 mg g for CO and SMO.

e The oil adsorbed on the straw was stable as desorption experiments showed
less than 4.0% of oil washed out upon exposure to the desorption agent. The
percentages of oil leached out at the exposure time of 1, 5 and 24 h were 4.13,
3.67 and 3.67% for CO and 1.50, 2.80 and 2.20% for SMO, respectively. Oil
desorption was even less at 1, 5 and 24 h, which was 2.30, 2.30 and 1.84% for
CO and 1.70, 1.95 and 2.10% for SMO, respectively.

In the fixed bed column for removing canola oil (CO) and standard mineral oil
(SMO), the evaluation was only made for column breakthrough performance. The
outcome drawn from the fixed bed column breakthrough for oil removal could be

concluded as follows:
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RBS and RBS-N were found to give very poor adsorption performance in
column breakthrough curves, however, favorable adsorption was observed on
SMBS and BMBS. The breakthrough time of SMBS and BMBS was 223 and
274 min for CO; 192 and 225 min for SMO, respectively.

The simulation of whole breakthrough curves predicted by the Thomas model
for SMBS and BMBS showed high R values of above 0.99 for the column
system. The Thomas column adsorption capacities of CO and SMO were
368.82 and 310.16 mg g for SMBS; and 440.74 and 336.31 mg g”' for BMBS
respectively. This was lower compared to the batch adsorption capacity

obtained from the Langmuir model.

The Yoon-Nelson model also exhibited good fit to the experimental data with
R values above 0.99 for the column system. The time required to achieve
50% of adsorbate breakthrough(t) seemed to agree well with the time
(tsow.exp) from experimental data. The time required to achieve 50% of
adsorbate breakthrough(t) for CO and SMO was 265 and 227.7 min for
SMBS; and 314.7 and 250.9 min for BMBS respectively

Three types of dyes, namely acid blue 40 (AB40), reactive blue 4 (RB4) and reactive
black 5 (RBS5) were tested with SMBS and BMBS as the adsorbents. RBS and RBS-N

were found to give significantly lower dye removal. The outcome drawn from the

batch adsorption study of dye removal could be concluded as follows:

Dye adsorption on SMBS and BMBS could reach equilibrium within 240 min.
For a lower concentration of dye solution of 50 mg L™, the equilibrium time of
SMBS and BMBS was 90 and 60 min for AB40; 90 and 60 min for RB4; 180
and 210 min for RBS5 respectively. For a higher concentration of dye solution
of 100 mg L™, the equilibrium time of SMBS and BMBS was 120 and 90 min
for AB40; and 120 and 240 min for RB4 and RB5 for both of the SMBS and
BMBS. Kinetic experiment showed that the pseudo second order represented

the kinetic data better.
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¢ Kinetic diffusion study showed that film diffusion was the rate limiting step
for adsorption of AB40, RB4 and RB5 onto SMBS and BMBS. For AB40, D;
for the concentration of 50 and 100 mg L™ were 3.72 x 10°-2.07 x 10” and 1.40
x 10° - 7.79 x 10° (SMBS); and 2.04 x 10° - 1.14 x 10° cm’ s (BMBS),
respectively. For RB4 the D; values for the concentration of 50 and 100 mg L™
are 4.00 x 10°-2.23 x 10°and 1.04 x 10°- 5.82 x 10° cm® s (SMBS); and 3.06 x
10° - 1.71 x 10° and 6.90 x 107 - 3.84 x 10° cm” s (BMBS), respectively.
Meanwhile, for RB5, the D; for the concentration of 50 and 100 mg L are
8.36 x 107-4.66 x 10®and 6.90 x 107 - 3.84 x 10° cm® s (SMBS); and 9.56 x 10
7.533x10° and 6.40 x 107-3.56 x 10° cm” s (BMBS), respectively.

e For isotherm experiments, adsorption of AB40, RB4 and RB5 on SMBS and
BMBS was better represented by the Langmuir isotherm rather than the
Freundlich model. The Langmuir adsorption capacities of AB40, RB4 and
RBS5 were 45.4, 29.16 and 24.92 mg g'1 for SMBS; and 51.95, 31.50 and 39.88
mg g for BMBS respectively.

e Adsorption capacity was found higher at about neutral pH for AB40, and at
acidic condition (pH 3) for the other dyes. The maximum adsorption capacity
of AB40 of SMBS was 43.4 mg g (at pH 8) and 48.7 mg g’ (at pH 5) for
BMBS. Meanwhile full removal was observed at pH 3 for RB4 and RBS5 for
both SMBS and BMBS.

e Adsorption capacity of AB40 was found to increase with increasing
experimental temperature whereas no significant change was observed for
both RB4 and RB5. For AB40, sorption capacity at the highest temperature
was 58.0 mg g”' (SMBS) and 70.6 mg g (BMBS) respectively. For RB4 and
RBS3, the influence of temperature on sorption capacity was small. Average
sorption capacity for RB4 was about 20 mg g’ (SMBS) and 22 mg g
(BMBS). For RBS5, the sorption capacity was 23.0 mg g'1 (SMBS) and 30.0
mg g (BMBS).
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Desorption experiments also showed that the dye loaded on straw is stable at
acidic condition but desorption will increase as the pH increases (i.e pH 11).
The percentages of dye leached out at pH buffer solution of 3, 5, 8 and 11 for
SMBS were 0, 13.86, 16.14 and 17.27% for AB40; 0, 10.09, 12.66 and
26.78% for RB4; 0, 16.85, 23.96 and 26.80% for RBS5, respectively. For
BMBS’s case, the dye desorption was 0, 6.61, 8.82 and 13.84% for AB40; 0,
9.64, 15.07 and 27.77% for RB4; 0, 496, 13.51 and 22.13% for RBS5,

respectively

For the fixed bed column in removing acid blue (AB40) and reactive black (RB5), the

evaluation was only made for column breakthrough performance. The outcome drawn

from the fixed bed column breakthrough for dye removal could be concluded as

follows:

The fixed bed column breakthrough curves on SMBS and BMBS were
observed to give the favorable and normal column adsorption process,
however, column adsorption performance for RBS and RBS-N was poor. The
breakthrough time for SMBS and BMBS was 382 and 576 min (AB40); 176
and 265 min (RB3Y), respectively

The whole breakthrough curve was well predicted by the Thomas model for
SMBS and BMBS with high R? values of above 0.99 for all the column
systems. The adsorption capacity was found to be higher on BMBS. The
adsorption capacities from the Thomas model for SMBS and BMBS were
53.39 and 77.29 mg g’ for AB40; and 24.57 and 33.46 mg g' for RB5
respectively. For AB40, the Thomas model adsorption capacity of SMBS and
BMBS was higher than batch adsorption capacity obtained from the Langmuir
model. However, a different result was observed for RB5, where the Thomas
adsorption capacity was slightly lower compared to the Langmuir model batch

adsorption capacity

The Yoon-Nelson model also simulated the experimental data well with R

values of above 0.99 for all the column systems. The time required to achieve
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7.3

50% adsorbate breakthrough (r) agreed well with the time (tsoy.exp) from
experimental data. The time required to achieve 50% adsorbate

breakthrough (t) for SMBS and BMBS was 578.4 and 783.47 min for AB40;
and 254.4 and 353.38 min for RBS5 respectively. BMBS shows better

applicability to treat dye wastewater as the ‘t’ was relatively longer than

SMBS for all the column systems.

Future Directions

The applicability of barley straw for remediation of emulsified oil and dye wastewater

was thoroughly presented in this report. The results showed the effectiveness of

modified agricultural product/biomass as an adsorbent material for emulsified oil as

well as dye wastewater cleaning. However, several issues need to be addressed in an

effort to improve and compliment the present data before considering the real

applications. Among the issues are:

The potential of using other biomass materials need to be evaluated.
Alternative cheap materials such as oat straw, grass, wheat straw etc should be
explored and tested. Other cationic surfactants, i.e cetyltrimethylammonium
bromide CTAB and others could also be used. It is interesting to further
explore the potential of utilizing different types of biomass as well as other

types of surfactant.

Synthetic wastewater of emulsified oil from canola (CO) and standard mineral
oil (SMO) and three anionic dyes of AB40, RB4 and RB5 were studied in this
work. For better description of the effectiveness and applicability of the
prepared adsorbents, evaluation with other types of emulsified oil wastewater,
i.e animal originated oil (Fats), petroleum based oil etc, is also necessary. The
synthetic dyes also need to be expanded to the other types of anionic dyes as
well. As real dye wastewater always consists of more than a type of dye and
probably mixed with other category of dyes such as cationic and non ionic, the
mixture of more than one type of dye and different category of dyes seem to

be sensible to be tested in order to obtain the realistic data.
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e The ultimate goal is always to apply the prepared adsorbents in the real field,
since the environmental conditions cannot be simulated by pure laboratory
testing. For scale-up design purposes, column testing may be the most
applicable method. However, in this study, the performance of column
experiment only evaluated for limited column breakthrough parameter. To
obtain comprehensive data, effects of the significant operation parameters in a
fixed bed column such as variation in column height, column diameter,
feeding solution volumetric flowrate and variation in feeding solution

concentration need to be evaluated

e The option of disposing the used straw need to be established in order to
address another pollutant in the form of oil and dye loaded straw. Finally, a
Life Cycle Analysis (LCA) should be performed in an effort to investigate and

evaluate the environmental impacts of a given product.
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ARREND YA

RAW DATA AND STANDARD ERROR MEASUREMENT FOR
ADSORBENT CHARACTERIZATION



Appendix A-1

Analysis of Cellulose, Hemicellulose and Lignin

Cellulose (%)

Hemicellulose (%)

Analysis No. Error Analysis Analysis No. Error Analysis
1 2 Mean Om 1 2 Mean Om
RBS 53.04 49.58 51.31 1.73 28.18 33.42 30.80 2.62
RBS-N 55.30 58.46 56.88 1.58 30.17 27.23 28.70 1.47
Lignin (%)
Analysis No. Error Analysis
1 2 Mean Om
RBS 6.56 5.42 5.99 0.57
RBS-N 6.54 6.54 6.54 0.00

Experimental condition:

Straw size: 0.5-1.18 mm




Appendix A-6

Analysis of surface area (BET) and Pore Volume

sBET Po
Analysis No. Error Analysis Analysis No. Error Analysis
1 2 Mean Om 1 2 Mean Om
RBS 98 93.580 95.79 2.210 | 0.083 | 0.037 0.06 0.023
RBS-N 148.4 138.600 143.5 4.900 | 0.101 0.071 0.086 0.015
SBS 78.99 72.404 75.697 3.293 | 0.084 | 0.004 0.044 0.040
BBS 70.24 56.146 63.193 7.047 | 0.028 | 0.066 0.047 0.019

Experimental condition:

Straw size: 0.5-1.18 mm




Appendix A-7 Analysis of water soluble mineral content

Water soluble mineral ( (us/cm)
Analysis No. Error Analysis
1 2 Mean Om
RBS 192.43 199.77 196.10 3.67
RBS-N 191.33 199.07 195.20 3.87
SBS 35.31 33.89 34.60 0.71
BBS 17.74 15.97 16.86 0.89

Experimental condition:

Straw size: 0.5-1.18 mm



Appendix A-8 Analysis of surface acidic and surface basic groups

Surface acidic groups (mmol/g) Surface basic groups (mmol/g)
Analysis No. Error Analysis Analysis No. Error Analysis
1 2 Mean Om 1 2 Mean Om
RBS 3.55 3.15 3.35 0.20 0.47 0.43 0.45 0.02
RBS-N 3.89 4.01 3.95 0.06 0.42 0.24 0.33 0.09
SBS 3.33 3.02 3.18 0.16 0.51 0.43 0.47 0.04
BBS 3.28 3.07 3.18 0.10 0.48 0.52 0.50 0.02

Experimental condition:

Straw size: 0.5-1.18 mm



Appendix A-9 Analysis of Bulk Density

Bulk Density (g/mL)
Analysis No. Error Analysis
1 2 Mean Om
RBS 0.08 0.08 0.08 0.00
RBS-N 0.08 0.08 0.08 0.00
SBS 0.09 0.08 0.08 0.01
BBS 0.09 0.09 0.09 0.00

Experimental condition:

Straw size: 0.5-1.18 mm



Appendix A-10

Analysis Carbon and Nitrogen content

Carbon (%)

Nitrogen(%)

Analysis No. Error Analysis Analysis No. Error Analysis
1 2 Mean Om 1 2 Mean Om
RBS 44.61 44.89 44.75 0.14 0.26 0.23 0.24 0.01
RBS-N 44.69 44.69 44.69 0.00 0.18 0.16 0.17 0.01
SBS 46.95 46.95 46.95 0.00 0.34 0.38 0.36 0.02
BBS 48.57 46.02 47.30 1.28 0.35 0.31 0.33 0.02

Experimental condition:

Straw size: 0.5-1.18 mm




ARRENDINYE

RAW DATA AND STANDARD ERROR MEASUREMENT FOR
EMULSIFIED OIL REMOVAL



Appendix B-1: Screening experiments of CO and SMO adsorption

CO Removal (%) SMO Removal (%)
run 1 run 2 Mean Om run 1 run 2 Mean Om

RBS 2.93 2.71 2.82 0.11 1.37 1.54 1.45 0.08
RBS-N 2.47 2.66 2.56 0.09 9.05 6.22 7.64 1.41
SBS 89.86 91.68 90.77 0.91 88.06 90.12 89.09 1.03
BBS 92.02 93.11 92.56 0.54 91.07 90.75 90.91 0.16
Experimental Conditions
Initial oil concentration

CO 2750 mg/L

SMO 3900 mg/L
Contac time 5h
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Adsorbent size 0.5-1.18 mm
Solution pH

CO 7.5

SMO 7.3




Appendix B-2 Effect of contact time on adsorption of CO onto SMBS at initial oil
concentration of 1040.0 mg/L
Time Concentration ( mg/L) Adsorption capacity ( mg/g)
(min) jrun 1 run2 |mean runi run2 mean Om

0 1040.0 | 1040.0 | 1040.0 0.0 0.0 0.0 0.0
1 750.0 990.0 870.0 29.0 5.0 17.0 12.0
3 650.0 490.0 570.0 39.0 55.0 47.0 8.0
6 460.0 260.0 360.0 58.0 78.0 68.0 10.0
9 230.0 50.0 140.0 81.0 99.0 90.0 9.0
12 160.0 100.0 130.0 88.0 94.0 91.0 3.0
15 85.0 125.0 105.0 95.5 91.5 93.5 2.0
20 110.0 82.0 96.0 93.0 95.8 94.4 1.4
60 95.0 103.0 99.0 94.5 93.7 94.1 0.4
120 95.0 105.0 100.0 94.5 93.5 94.0 0.5

Experimental Conditions

Shaking speed 170 rpm

Adsorbent dosage 10 g/L

Experimental temperature 25C

Solution pH 7.5

Adsorbent size 0.5-1.18 mm



Appendix B-3

Effect of contact time on adsorption of CO onto SMBS at initial oil
concentration of 3450.0 mg/L

Time Concentration ( mg/L) Adsorption capacity ( mg/qg)
(min) run 1 run 2 mean runi run2 mean Om
0 3450.0 3450.0 | 3450.0 0.0 0.0 0.0 0.0
5 2200.0 2580.0 | 2390.0 125.0 87.0 106.0 |19.0
10 1420.0 1640.0 1530.0 203.0 181.0 192.0 |11.0
15 800.0 660.0 730.0 265.0 279.0 272.0 7.0
20 650.0 770.0 710.0 280.0 268.0 274.0 6.0
25 500.0 600.0 550.0 295.0 285.0 290.0 5.0
30 500.0 520.0 510.0 295.0 293.0 294.0 1.0
35 480.0 330.0 405.0 297.0 312.0 304.5 7.5
45 350.0 390.0 370.0 310.0 306.0 308.0 2.0
60 430.0 350.0 390.0 302.0 310.0 306.0 4.0
120 400.0 270.0 335.0 305.0 318.0 311.5 6.5
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Solution pH 7.5

Adsorbent size

0.5-1.18 mm




Appendix B-4

concentration of 1040.0 mg/L

Effect of contact time on adsorption of CO onto BMBS at initial oil

Time Concentration ( mg/L) Adsorption capacity ( mg/g)
(min) run 1 run 2 mean runi run2 mean Om
0 1040.00 | 1040.00 | 1040.00 0.00 0.00 0.00 0.00
1 760.00 | 840.00 | 800.00 28.00 20.00 24.00 4.00
3 600.00 | 610.00 | 605.00 44.00 43.00 43.50 0.50
6 210.00 | 330.00 | 270.00 83.00 71.00 77.00 6.00
9 130.00 | 130.00 | 130.00 91.00 91.00 91.00 0.00
12 95.00 125.00 | 110.00 94.50 91.50 93.00 1.50
15 90.00 86.00 88.00 95.00 95.40 95.20 0.20
20 92.00 88.00 90.00 94.80 95.20 95.00 0.20
60 89.00 97.00 93.00 95.10 94.30 94.70 0.40
120 93.00 87.00 90.00 94.70 95.30 95.00 0.30
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Solution pH 7.5

Adsorbent size

0.5-1.18

mm




Appendix B-5

Effect of contact time on adsorption of CO onto BMBS at
initial oil concentration of 3450.0 mg/L

Time Concentration ( mg/L) IAdsorption capacity ( mg/qg)

(min) run 1 run 2 mean runi run2 mean Om
0 3450.00 3450.00 3450.00 0.00 0.00 0.00 | 0.00
5 2400.00 2420.00 2410.00 | 105.00 | 103.00 | 104.00 | 1.00
10 1370.00 1130.00 1250.00 | 208.00 | 232.00 | 220.00 | 12.00
15 550.00 630.00 590.00 | 290.00 | 282.00 | 286.00 | 4.00
20 400.00 380.00 390.00 | 305.00 | 307.00 | 306.00 | 1.00
25 320.00 360.00 340.00 | 313.00 | 309.00 | 311.00 | 2.00
30 210.00 260.00 235.00 | 324.00 | 319.00 | 321.50 | 2.50
35 215.00 245.00 230.00 | 323.50 | 320.50 | 322.00 | 1.50
45 230.00 220.00 225.00 | 322.00 | 323.00 | 322.50 | 0.50
60 220.00 270.00 245.00 | 323.00 | 318.00 | 320.50 | 2.50

120 190.00 250.00 220.00 | 326.00 | 320.00 | 323.00 | 3.00

Experimental Conditions

Shaking speed
Adsorbent dosage
Experimental temperature
Solution pH

Adsorbent size

170 rpm
10 g/L
25C
7.5

0.5-1.18 mm




Appendix B-6 Effect of contact time on adsorption of SMO onto SMBS at initial oil
concentration of 1680.0 mg/L

Time Concentration ( mg/L) Adsorption capacity ( mg/g)
(min) run 1 run 2 mean runi run2 mean Om
0 1680.0 1680.0 1680 0.00 0.00 0.0 0.0
1 1300.0 1540.0 1420 38.00 14.00 26.0 12.0
3 1280.0 1120.0 1200 40.00 56.00 48.0 8.0
6 450.0 540.0 495 123.00 114.00 118.5 4.5
9 530.0 410.0 470 115.00 127.00 121.0 6.0
15 310.0 410.0 360 137.00 127.00 132.0 5.0
20 60.0 88.0 74 162.00 159.20 160.6 1.4
45 70.0 64.0 67 161.00 161.60 161.3 0.3
60 66.0 94.0 80 161.40 158.60 160.0 1.4
120 85.0 75.0 80.0 159.50 160.50 160.0 0.5




Appendix B-7

Effect of contact time on adsorption of SMO onto SMBS at initial oil

concentration of 4315.0 mg/L

Time Concentration ( mg/L) Adsorption capacity ( mg/g)
(min) run 1 run 2 mean run run2 mean Om
0 4315.0 | 4315.0 | 4315 0.00 0.00 0.00 0.0
5 3500.0 | 3120.0 | 3310 81.50 119.50 100.50 19.0
10 1220.0 | 1420.0 | 1320 309.50 289.50 299.50 10.0
15 890.0 930.0 910 342.50 338.50 340.50 2.0
25 550.0 650.0 600 376.50 366.50 371.50 5.0
35 340.0 284.0 312 397.50 403.10 400.30 2.8
45 280.0 380.0 330 403.50 393.50 398.50 5.0
60 320.0 260.0 290 399.50 405.50 402.50 3.0
120 310.0 410.0 360 400.50 390.50 395.50 5.0
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Solution pH 7.3

Adsorbent size

0.5-1.18 mm




Appendix B-8 Effect of contact time on adsorption of SMO onto BMBS at initial oil
concentration of 1680.0 mg/L
Time Concentration ( mg/L) Adsorption capacity ( mg/g)
(min) run 1 run 2 mean runi run2 mean Om
0 1680.0 1680.0 1680 0.00 0.00 0.0 0.0
1 1200.0 1340.0 1270 48.00 34.00 41.0 7.0
3 950.0 1150.0 1050 73.00 53.00 63.0 10.0
6 670.0 710.0 690 101.00 97.00 99.0 2.0
9 400.0 300.0 350 128.00 138.00 133.0 5.0
15 190.0 350.0 270 149.00 133.00 141.0 8.0
20 50.0 90.0 70 163.00 159.00 161.0 2.0
45 76.0 94.0 85 160.40 158.60 159.5 0.9
60 55.0 91.0 73 162.50 158.90 160.7 1.8
120 65.0 69.0 67.0 161.50 161.10 161.3 0.2
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Solution pH 7.3
Adsorbent size 0.5-1.18 mm




Appendix B-9

Effect of contact time on adsorption of SMO onto BMBS at initial oil

concentration of 4315.0 mg/L

Time Concentration ( mg/L) Adsorption capacity ( mg/qg)
(min) run 1 run 2 mean run run2 mean Om
0 4315 4315.0 4315 0.00 0.00 0.00 0.0
5 3280 3520.0 3400 103.50 79.50 91.50 12.0
10 1370 1210.0 1290 294.50 310.50 302.50 8.0
15 1020 940.0 980 329.50 337.50 333.50 4.0
25 650 750.0 700 366.50 356.50 361.50 5.0
35 370 250.0 310 394.50 406.50 400.50 6.0
45 110 186.0 148 420.50 412.90 416.70 3.8
60 90 138.0 114 422.50 417.70 420.10 2.4
120 130 140.0 135 418.50 417.50 418.00 0.5
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Solution pH 7.3

Adsorbent size

0.5-1.18 mm




Appendix B-10

Adsorption of CO onto different dosage of SMBS

Dosage Concentration ( mg/L) Adsorption capacity ( mg/g)

mg Initial run 1 run 2 mean run1 run2 mean Om
0.10 3400.00 | 2887.00 | 2913.00 | 2900.00 | 513.00 | 487.00 | 500.00 13.00
0.40 3400.00 | 1310.00 | 1370.00 | 1340.00 | 522.50 | 507.50 | 515.00 7.50
0.55 3400.00 | 885.00 935.00 910.00 | 457.27 | 448.18 | 452.73 4.55
0.70 3400.00 | 565.00 535.00 550.00 | 405.00 | 409.29 | 407.14 2.14
1.00 3400.00 | 315.00 365.00 340.00 | 308.50 | 303.50 | 306.00 2.50
1.30 3400.00 | 220.00 176.00 198.00 | 244.62 | 248.00 | 246.31 1.69

Experimental Conditions

Shaking speed 170 rpm

Contact time 1h

Experimental temperature 25C

Solution pH 7.5

Adsorbent size

0.5-1.18 mm




Appendix B-11

Adsorption of CO onto different dosage of BMBS

Dosage Concentration ( mg/L) Adsorption capacity ( mg/g)

mg Initial run 1 run 2 mean run1 run2 mean Om
0.10 3400.00 | 2890.00 | 2850.00 | 2870.00 | 510.00 | 550.00 | 530.00 20.00
0.40 3400.00 | 1090.00 | 1150.00 | 1120.00 | 577.50 | 562.50 | 570.00 7.50
0.55 3400.00 | 760.00 680.00 720.00 | 480.00 | 494.55 | 487.27 7.27
0.70 3400.00 | 330.00 394.00 362.00 | 438.57 | 429.43 | 434.00 4.57
1.00 3400.00 | 200.00 240.00 220.00 | 320.00 | 316.00 | 318.00 2.00
1.30 3400.00 | 190.00 140.00 165.00 | 246.92 | 250.77 | 248.85 1.92

Experimental Conditions

Shaking speed 170 rpm

Contact time 1h

Experimental temperature 25C

Solution pH 7.5

Adsorbent size

0.5-1.18 mm




Appendix B-12 Adsorption of SMO onto different dosage of SMBS
Dosage Concentration ( mg/L) Adsorption capacity ( mg/g)

mg Initial  jrun 1 run2 |mean run1 run2 mean Om
0.40 4250.00 | 2250.00 | 2150.00 | 2200.00 | 500.00 | 525.00 | 512.50 12.50
0.55 4250.00 | 1530.00 | 1430.00 | 1480.00 | 494.55 | 512.73 | 503.64 9.09
0.70 4250.00 | 780.00 960.00 870.00 | 495.71 | 470.00 | 482.86 12.86
1.00 4250.00 | 200.00 280.00 240.00 | 405.00 | 397.00 | 401.00 4.00
1.30 4250.00 70.00 100.00 85.00 321.54 | 319.23 | 320.38 1.15

Experimental Conditions

Shaking speed 170 rpm

Contact time 1h

Experimental temperature 25C

Solution pH 7.3

Adsorbent size 0.5-1.18 mm



Appendix B-13 Adsorption of SMO onto different dosage of BMBS

Dosage Concentration ( mg/L) Adsorption capacity ( mg/g)

mg Initial  |run 1 run2 |mean run1 run2 mean Om

0.40 | 4250.00 | 1870.00 | 1930.00 | 1900.00 | 595.00 | 580.00 | 587.50 7.50

0.55 | 4250.00 | 1290.00 | 1410.00 | 1350.00 | 538.18 | 516.36 | 527.27 10.91

0.70 | 4250.00 | 530.00 590.00 560.00 | 531.43 | 522.86 | 527.14 4.29

1.00 | 4250.00 180.00 206.00 193.00 | 407.00 | 404.40 | 405.70 1.30

1.30 | 4250.00 150.00 12.00 81.00 315.38 | 326.00 | 320.69 5.31

Experimental Conditions

Shaking speed 170 rpm
Contact time 1h
Experimental temperature 25C
Solution pH 7.3

Adsorbent size 0.5-1.18 mm



Appendix B-14

Effect of pH on adsorption of CO onto SMBS

pH Concentration ( mg/L) Adsorption capacity ( mg/qg)
Initial run 1 run 2 mean runt run2 mean Om

2 860.00 660.00 700.00 680.00 20.00 16.00 18.00 | 2.00
4 860.00 205.00 231.59 218.29 65.50 62.84 64.17 | 1.33
6 860.00 150.00 122.09 136.05 71.00 73.79 7240 | 140
8 860.00 110.00 155.88 132.94 75.00 70.41 72.71 2.29
10 860.00 140.00 172.94 156.47 72.00 68.71 70.35 | 1.65

Experimental Conditions

Shaking speed 170 rpm

Adsorbent dosage 10 g/L

Experimental temperature 25C

Adsorbent size 0.5-1.18 mm

Contact time 1h




Appendix B-15

Effect of pH on adsorption of CO onto BMBS

pH Concentration ( mg/L) Adsorption capacity ( mg/g)

Initial run 1 run 2 mean runt run2 mean Om
2 860.00 570.00 630.00 600.00 | 29.00 | 23.00 26.00 3.00
4 860.00 90.00 150.00 120.00 | 77.00 | 71.00 74.00 3.00
6 860.00 95.00 76.43 85.71 76.50 | 78.36 77.43 0.93
8 860.00 100.00 125.88 112.94 | 76.00 | 73.41 74.71 1.29
10 860.00 85.00 110.35 97.67 77.50 | 74.97 76.23 1.27

Experimental Conditions

Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Adsorbent size 0.5-1.18 mm
Contact time 1h




Appendix B-16

Effect of pH on adsorption of SMO onto SMBS

pH Concentration ( mg/L) Adsorption capacity ( mg/g)
Initial run 1 run 2 mean run1 run2 mean Om
2 820.67 700.00 633.33 666.67 12.07 18.73 15.40 3.33
4, 820.67 350.00 341.27 345.63 47.07 47.94 47.50 0.44
6] 820.67 55.00 39.00 47.00 76.57 78.17 77.37 0.80
8 820.67 25.00 38.33 31.67 79.57 78.23 78.90 0.67
10| 820.67 30.00 36.67 33.33 79.07 78.40 78.73 0.33
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Adsorbent size 0.5-1.18 mm
Contact time 1h




Appendix B-17

Effect of pH on adsorption of SMO onto BMBS

pH Concentration ( mg/L) Adsorption capacity ( mg/g)
Initial run 1 run2 |mean run1 run2 mean Om

2 820.67 660.00 696.67 678.33 16.07 12.40 14.23 1.83
4 820.67 310.00 265.53 287.77 51.07 | 55.51 53.29 2.22
6 820.67 25.00 33.67 29.33 79.57 | 78.70 79.13 0.43
8 820.67 40.00 31.33 35.67 78.07 | 78.93 78.50 0.43
10 820.67 20.00 36.67 28.33 80.07 | 78.40 79.23 0.83

Experimental Conditions

Shaking speed 170 rpm

Adsorbent dosage 10 g/L

Experimental temperature 25C

Adsorbent size 0.5-1.18 mm

Contact time 1h




Appendix B-18 Effect of size on adsorption of CO onto SMBS

pH Concentration ( mg/L) Adsorption capacity ( mg/g)

Initial  jrun 1 run2 |mean run1 run2 mean Om

<0.5 1020.00 | 120.00 80.00 100.00 90.00 | 94.00 92.00 2.00
0.5-1.18 1020.00 | 170.00 206.20 188.10 85.00 | 81.38 83.19 1.81
1.18-1.4 1020.00 | 220.00 209.00 214.50 80.00 | 81.10 80.55 0.55
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Contact time 1h
Solution pH 7.5
Experimental temperature 25C




Appendix B-19 Effect of size on adsorption of CO onto BMBS
pH Concentration ( mg/L) Adsorption capacity ( mg/g)
Initial  jrun 1 run2 |mean run1 run2 mean Om
<0.5 1020.00 95.00 82.80 88.90 92.50 | 93.72 93.11 0.61
0.5-1.18 1020.00 | 120.00 145.80 132.90 90.00 | 87.42 88.71 1.29
1.18-1.4 1020.00 | 150.00 140.20 145.10 87.00 | 87.98 87.49 0.49
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Contact time 1h
Solution pH 7.5
Experimental temperature 25C




Appendix B-20

Effect of size on adsorption of SMO onto SMBS

Size Concentration ( mg/L Adsorption capacity ( mg/g)

mm Initial run 1 run 2 mean runi run2 mean Om
<0.5 1180.00 | 75.00 65.00 70.00 110.50 | 111.50 111.00 0.50
0.5-1.18 1180.00 | 105.00 85.00 95.00 107.50 | 109.50 108.50 1.00
1.18-1.4 1180.00 | 170.00 | 150.00 | 160.00 | 101.00 | 103.00 102.00 1.00
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Contact time 1h
Solution pH 7.3
Experimental temperature 25C




Appendix B-21

Effect of size on adsorption of SMO onto BMBS

Size Concentration ( mg/L Adsorption capacity ( mg/g)

mm Initial  jrun 1 run2 |mean runi run2 mean Om
<0.5 1180.00 | 65.00 85.00 75.00 111.50 | 109.50 110.50 1.00
0.5-1.18 1180.00 | 91.00 75.00 83.00 108.90 | 110.50 109.70 0.80
1.18-1.4 1180.00 | 135.00 | 145.00 | 140.00 | 104.50 | 103.50 104.00 0.50
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Contact time 1h
Solution pH 7.3
Experimental temperature 25C




Appendix B-22

Desorption of CO loaded SMBS in deionized water

oil loaded Desorption capacity Desorption percentage
Time |straw (mg/g) mg/g %
h run 1 run 2 Om runi run2 mean Om
1 21.80 1.10 0.70 0.90 5.05 3.21 4.13 0.92
2 21.80 0.70 0.90 0.80 3.21 4.13 3.67 0.46
5 21.80 0.70 0.90 0.80 3.21 4.13 3.67 0.46
Experimental Conditions
Shaking speed 170 rpm
Adsorbent dosage 10 g/L
Experimental temperature 25C
Adsorbent size 0.5-1.18 mm




Appendix B-23

Desorption of CO loaded BMBS in deionized water

oil loaded Desorption capacity Desorption percentage
Time |straw (mg/g) mg/g %

h run 1 run 2 Om run1 run2 mean Om
1 21.70 0.70 0.30 0.50 3.23 1.38 2.30 0.92
2 21.70 0.40 0.60 0.50 1.84 2.76 2.30 0.46
5 21.70 0.40 0.40 0.40 1.84 1.84 1.84 0.00

Experimental Conditions

Shaking speed 170 rpm

Adsorbent dosage 10 g/L

Experimental temperature 25C

Adsorbent size 0.5-1.18 mm




Appendix B-24

Desorption of SMO loaded SMBS in deionized water

oil loaded Desorption capacity Desorption percentage

Time |straw (mg/g) mg/g %

hr run 1 run 2 Om run1 run2 mean Om
1 20.00 0.40 0.20 0.30 2.00 1.00 1.50 0.50
2 20.00 0.50 0.50 0.50 2.50 2.50 2.50 0.00
5 20.00 0.40 0.40 0.40 2.00 2.00 2.00 0.00

Experimental Conditions

Shaking speed 170 rpm

Adsorbent dosage 10 g/L

Experimental temperature 25C

Adsorbent size 0.5-1.18 mm




Appendix B-25

Desorption of SMO loaded BMBS in deionized water

oil loaded Desorption capacity Desorption percentage

Time |straw (mg/g) mg/g %
h run 1 run 2 Om run1 run2 mean Om
1 23.10 0.50 0.30 0.40 2.16 1.30 1.73 0.43
2 23.10 0.40 0.40 0.40 1.73 1.73 1.73 0.00
5 23.10 0.60 0.40 0.50 2.60 1.73 2.16 0.43

Experimental Conditions

Shaking speed 170 rpm

Adsorbent dosage 10 g/L

Experimental temperature 25C

Adsorbent size 0.5-1.18 mm




Appendix B-26 Adsorption of CO onto RBS (Packed Bed Column)

Experimental
Ct

time(min) volume L (mg/L) Ct/Ci
14 0.10 900 0.87
43 0.30 980 0.95
71 0.50 980 0.95
114 0.80 1000 0.97
143 1.00 970 0.94

Experimental condition

Adsorbate CO

initial conc (Ci) 1030 mg/L

Adsorbent RBS

Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 7 ml/min



Appendix B-27 Adsorption of CO onto RBS-N (Packed Bed Column)

Experimental
Ct
time(min) volume L (mg/L) Ct/Ci
14 0.10 950 0.92
43 0.30 900 0.87
71 0.50 1000 0.97
114 0.80 900 0.87
143 1.00 990 0.96

Experimental condition

initial conc (Ci) 1030 mg/L
Adsorbent RBS-N
Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 7 ml/min



Appendix B-28 Adsorption of CO onto SMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas Yoon Thomas Yoon

time(min) |volume L | (mg/L) Ct/Ci Ct(mg/L) | Ct(mg/L) | CY/Ci Ct/Ci
14 0.10 0.00 0.00 0.00 0.00 0.00 0.00
29 0.20 0.00 0.00 0.00 0.00 0.00 0.00
43 0.30 0.00 0.00 0.00 0.00 0.00 0.00
57 0.40 0.00 0.00 0.00 0.00 0.00 0.00
71 0.50 0.00 0.00 0.00 0.00 0.00 0.00
86 0.60 0.00 0.00 0.00 0.00 0.00 0.00
100 0.70 17.00 0.02 0.00 0.00 0.00 0.00
114 0.80 10.00 0.01 0.00 0.00 0.00 0.00
129 0.90 25.00 0.02 0.00 0.00 0.00 0.00
143 1.00 25.00 0.02 0.00 0.00 0.00 0.00
157 1.10 20.00 0.02 0.00 0.00 0.00 0.00
171 1.20 15.00 0.01 0.00 0.00 0.00 0.00
186 1.30 35.00 0.03 0.02 0.02 0.00 0.00
200 1.40 29.00 0.03 0.13 0.13 0.00 0.00
214 1.50 25.00 0.02 0.92 0.93 0.00 0.00
229 1.60 67.00 0.07 6.40 6.43 0.01 0.01
243 1.70 114.00 0.1 43.07 43.16 0.04 0.04
257 1.80 200.00 0.19 238.87 238.76 0.23 0.23
271 1.90 700.00 0.68 683.53 682.98 0.66 0.66
286 2.00 930.00 0.90 931.74 931.75 0.90 0.90
300 210 |1000.00] 0.97 982.82 983.13 0.95 0.95
314 2.20 970.00 0.94 990.59 990.97 0.96 0.96
329 2.30 989.00 0.96 990.59 990.97 0.96 0.96

Experimental condition

Adsorbate CO

initial conc (Ci) 1030 mg/L

Adsorbent SMBS

Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 7 ml/min



Appendix B-29

Adsorption of CO onto BMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas | Yoon Thomas Yoon

time(min) volume L| (mg/L) Ct/Ci Ct (mg/L)| Ct (mg/L) Ct/Ci Ct/Ci
14 0.10 0.00 0.00 0.00 0.00 0.00 0.00
29 0.20 0.00 0.00 0.00 0.00 0.00 0.00
43 0.30 0.00 0.00 0.00 0.00 0.00 0.00
57 0.40 0.00 0.00 0.00 0.00 0.00 0.00
71 0.50 0.00 0.00 0.00 0.00 0.00 0.00
86 0.60 0.00 0.00 0.00 0.00 0.00 0.00
100 0.70 0.00 0.00 0.00 0.00 0.00 0.00
114 0.80 0.00 0.00 0.00 0.00 0.00 0.00
129 0.90 15.00 0.01 0.00 0.00 0.00 0.00
143 1.00 25.00 0.02 0.00 0.00 0.00 0.00
157 1.10 33.00 0.03 0.00 0.00 0.00 0.00
171 1.20 30.00 0.03 0.00 0.00 0.00 0.00
186 1.30 37.00 0.04 0.00 0.00 0.00 0.00
200 1.40 35.00 0.03 0.00 0.00 0.00 0.00
214 1.50 30.00 0.03 0.02 0.02 0.00 0.00
229 1.60 25.00 0.02 0.08 0.08 0.00 0.00
243 1.70 38.00 0.04 0.36 0.37 0.00 0.00
257 1.80 35.00 0.03 1.75 1.77 0.00 0.00
271 1.90 40.00 0.04 8.36 8.44 0.01 0.01
286 2.00 95.00 0.09 38.98 39.30 0.04 0.04
300 2.10 | 150.00 0.15 163.31 164.31 0.16 0.16
314 2.20 | 470.00 0.46 484.30 | 485.87 0.47 0.47
329 2.30 | 850.00 0.83 818.79 | 819.58 0.79 0.80
343 2.40 | 950.00 0.92 956.02 | 956.21 0.93 0.93
357 2.50 | 970.00 0.94 990.53 | 990.56 0.96 0.96
371 2.60 [1010.00 0.98 998.02 | 998.02 0.97 0.97
386 2.70 [1000.00 0.97 999.59 | 999.59 0.97 0.97

Experimental condition

Adsorbate CO

initial conc (Ci) 1030 mg/L

Adsorbent BMBS

Column Bed Height 8 cm

Adsorbent Weight 5g

Flowrate 7 ml/min




Appendix B-30 Adsorption of SMO onto RBS (Packed Bed Column)

Experimental
Ct
time(min) volume L (mg/L) Ct/Ci
14 0.10 900 0.91
43 0.30 800 0.81
71 0.50 800 0.81
114 0.80 970 0.98
143 1.00 950 0.96

Experimental condition

Adsorbate SMO
initial conc (Ci) 990 mg/L
Adsorbent RBS

Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 7 ml/min



Appendix B-31 Adsorption of SMO onto RBS-N (Packed Bed Column)

Experimental
Ct

time(min) volume L (mg/L) Ct/Ci
14 0.10 780 0.79
43 0.30 900 0.91
71 0.50 850 0.86
114 0.80 900 0.91
143 1.00 900 0.91

Adsorbate SMO

initial conc (Ci) 990 mg/L

Adsorbent RBS-N

Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 7 ml/min



Appendix B-32

Adsorption of SMO onto SMBS (Packed Bed Column)

Experimental Column Model
Ct nomas Yoon | Thomas Yoon
time(min) \volume L| (mg/L) Ct/Ci Ct (mg/L) [Ct (mg/L) Ct/Ci Ct/Ci
14/ 0.10 0.00 0.00 0.00 0.00 0.00 0.00
29 0.20 0.00 0.00 0.00 0.00 0.00 0.00
43 0.30 0.00 0.00 0.00 0.00 0.00 0.00
57, 0.40 0.00 0.00 0.00 0.00 0.00 0.00
71 0.50 0.00 0.00 0.00 0.00 0.00 0.00
86/ 0.60 0.00 0.00 0.00 0.00 0.00 0.00
100 0.70 0.00 0.00 0.00 0.00 0.00 0.00
114/ 0.80 0.00 0.00 0.01 0.01 0.00 0.00
129 0.90 9.00 0.01 0.04 0.04 0.00 0.00
143 1.00 10.00 0.01 0.16 0.16 0.00 0.00
157 1.10 10.00 0.01 0.71 0.71 0.00 0.00
171 1.20 11.00 0.01 3.05 3.05 0.00 0.00
186 1.30 13.00 0.01 13.02 13.03 0.01 0.01
2000 1.40 90.00 0.09 53.83 53.89 0.05 0.05
214 1.50 189.00 0.19 196.33 | 196.58 | 0.20 0.20
229 1.60 500.00 0.51 507.69 | 508.19 | 0.51 0.51
243 1.70 800.00 0.81 802.58 | 802.93 | 0.81 0.81
257 1.80 970.00 0.98 927.38 | 927.51 0.94 0.94
271 1.90 950.00 0.96 962.04 | 962.07 | 0.97 0.97
286| 2.00 940.00 0.95 970.44 | 970.45| 0.98 0.98
3000 2.10 980.00 0.99 972.41 972.41 0.98 0.98
Adsorbate SMO
initial conc (Ci) 990 mg/L
Adsorbent SMBS
Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 7 ml/min




Appendix B-33

Adsorption of SMO onto SMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas| Yoon Thomas Yoon

time(min) |volume L (mg/L) Ct/Ci Ct (mg/L) Ct(mg/L) Ct/Ci Ct/Ci
14 0.10 0.00 0.00 0.00 0.00 0.00 0.00
29 0.20 0.00 0.00 0.00 0.00 0.00 0.00
43 0.30 0.00 0.00 0.00 0.00 0.00 0.00
57 0.40 0.00 0.00 0.00 0.00 0.00 0.00
71 0.50 0.00 0.00 0.00 0.00 0.00 0.00
86 0.60 0.00 0.00 0.00 0.00 0.00 0.00
100 0.70 0.00 0.00 0.00 0.00 0.00 0.00
114 0.80 10.00 0.01 0.00 0.00 0.00 0.00
129 0.90 20.00 0.02 0.00 0.00 0.00 0.00
143 1.00 9.00 0.01 0.00 0.00 0.00 0.00
157 1.10 10.00 0.01 0.00 0.00 0.00 0.00
171 1.20 15.00 0.02 0.00 0.00 0.00 0.00
186 1.30 10.00 0.01 0.00 0.00 0.00 0.00
200 1.40 25.00 0.03 0.03 0.03 0.00 0.00
214 1.50 20.00 0.02 0.51 0.52 0.00 0.00
229 1.60 60.00 0.06 9.60 9.64 0.01 0.01
243 1.70 150.00 0.15 153.30 153.91 0.15 0.16
257 1.80 750.00 0.76 748.86 749.75 0.76 0.76
271 1.90 970.00 0.98 943.63 943.71 0.95 0.95
286 2.00 950.00 0.96 956.85 956.85 0.97 0.97
300 2.10 940.00 0.95 957.56 957.56 0.97 0.97

Adsorbate SMO

initial conc (Ci) 990 mg/L

Adsorbent SMBS

Column Bed Height 8 cm

Adsorbent Weight

Flowrate

7 ml/min




ARBENDING

RAW DATA AND STANDARD ERROR MEASUREMENT FOR DYE
WASTEWATER REMOVAL



Appendix C-1 Preliminary screening of dye onto unmodified and modified straw
AB40 Removal (%) RB4 Removal (%)
run 1 run 2 Mean Om run 1 run 2 Mean Om
RBS 9.53 5.70 7.61 1.92 2.05 0.96 1.51 0.54
RBS-N 14.44 10.71 12.57 1.87 0.93 1.75 1.34 0.41
SMBS 93.75 97.50 95.63 1.88 53.43 56.68 55.05 1.62
BMBS 96.37 98.52 97.44 1.07 63.65 61.18 62.42 1.23
RB5 Removal (%)
run 1 run 2 Mean Om
RBS 1.24 0.60 0.92 0.32
RBS-N 0.95 0.65 0.80 0.15
SMBS 54.97 55.51 55.24 0.27
BMBS 65.05 64.31 64.68 0.37

Experimental Conditions

Initial dye concentration

Contac time

Shaking speed

Adsorbent dosage
Experimental temperature
Adsorbent size

Solution pH

AB40
RB4
RB5

100 mg/L

8h

170 rpm
2g/L
25C

0.5-1.18 mm

5.8
5.6
5




Appendix C-2 Kinetic adsorption of AB40 onto modified straw
SMBS BMBS
Time Adsorption capacity ( mg/g) Adsorption capacity ( mg/g)
(min) runi run2 mean SEM runi run2 mean Om
0 0.00 0.00 0.00 0.00 |0.00| 0.00 0.00 0.00
2 18.02 16.67 17.34 0.68 |20.03] 19.34 19.69 0.34
5 18.50 18.07 18.29 0.21 |22.07| 23.10 22.59 0.52
10 21.96 22.94 22.45 0.49 |29.15| 28.26 28.71 0.44
20 28.35 27.10 27.73 0.62 |35.08] 36.11 35.59 0.51
30 32.10 30.07 31.08 1.02 [39.13] 39.75 39.44 0.31
45 35.10 35.04 35.07 0.03 |43.17| 41.86 42.52 0.65
60 37.30 36.69 36.99 0.31 |44.50| 44.17 44.34 0.16
90 39.65 41.61 40.63 0.98 |48.32] 47.34 47.83 0.49
120 44.20 43.44 43.82 0.38 |49.53| 47.04 48.29 1.24
180 44.05 44.58 44.31 0.26 |48.25| 48.35 48.30 0.05
Experimental conditions
Initial dye concentration 100 mg/L
Shaking speed 170 rpm
Adsorbent dosage 2g/L
Experimental temperature 25C
Solution pH 5.8
Adsorbent size 0.5-1.18 mm




Appendix C-3 Kinetic adsorption of AB40 onto modified straw
SMBS BMBS
Time Adsorption capacity ( mg/g) Adsorption capacity ( mg/g)
(min) runi run2 mean SEM runi run2 mean Om

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 11.95 12.88 12.41 0.46 14.15 16.41 15.28 1.13
10 13.58 15.65 14.62 1.04 19.97 21.08 20.52 0.55
20 20.15 20.41 20.28 0.13 23.05 22.54 22.80 0.25
30 26.10 24.39 25.24 0.86 26.00 25.00 25.50 0.50
45 26.05 24.72 25.38 0.67 25.80 25.16 25.48 0.32
60 26.99 25.93 26.46 0.53 27.01 27.02 27.01 0.00
90 27.01 27.02 27.01 0.00 27.01 27.02 27.01 0.00
180 27.01 27.02 27.01 0.00 27.01 27.02 27.01 0.00

Experimental conditions:

Initial dye concentration 50 mg/L

Shaking speed 170 rpm

Adsorbent dosage 2g/L

Experimental temperature 25C

Solution pH 5.8

Adsorbent size 0.5-1.18 mm




Appendix C-4 Kinetic adsorption of RB4 onto modified straw
SMBS BMBS

Time Adsorption capacity ( mg/g) Adsorption capacity ( mg/g)

(min) runi run2 mean SEM runi run2 mean Om
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 20.10 18.87 19.48 0.62 16.90 18.27 17.59 0.69
10 19.50 18.60 19.05 0.45 18.81 18.60 18.71 0.10
15 21.00 19.86 20.43 0.57 | 20.50 19.36 19.93 0.57
20 20.90 20.13 20.52 0.38 | 20.93 19.04 19.98 0.95
25 21.50 20.36 20.93 0.57 | 20.30 | 20.56 20.43 0.13
30 21.80 20.44 21.12 0.68 | 23.30 | 21.53 22.41 0.89
45 23.00 22.69 22.84 0.16 | 2345 | 23.10 23.28 0.17
60 23.20 20.94 22.07 113 | 22.94 | 21.20 22.07 0.87
90 23.40 21.77 22.59 0.81 2240 | 22.60 22.50 0.10

120 24.50 23.26 23.88 0.62 | 2535 | 26.13 25.74 0.39
180 23.90 22.96 23.43 0.47 | 28.00 | 26.86 27.43 0.57
240 24.15 23.71 23.93 0.22 | 26.70 | 25.20 25.95 0.75
300 24.50 24.36 24.43 0.07 | 25.80 | 25.06 25.43 0.37

Experimental Conditions

Initial dye concentration 100 mg/L
Shaking speed 170 rpm
Adsorbent dosage 2g/L
Experimental temperature 25C
Solution pH 5.6

Adsorbent size 0.5-1.18 mm




Appendix C-5 Kinetic adsorption of RB4 onto modified straw
SMBS BMBS

Time Adsorption capacity ( mg/g) Adsorption capacity ( mg/g)

(min) runi run2 mean SEM runi run2 mean Om
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 14.15 15.16 14.66 0.51 16.00 15.72 15.86 0.14
10 16.00 15.38 15.69 0.31 17.48 16.14 16.81 0.67
15 16.55 16.97 16.76 0.21 17.45 16.77 17.11 0.34
20 18.75 18.84 18.79 0.04 19.05 17.33 18.19 0.86
25 19.50 18.32 18.91 0.59 18.10 19.42 18.76 0.66
30 19.95 18.33 19.14 0.81 19.25 18.77 19.01 0.24
45 19.90 19.27 19.59 0.31 18.54 19.22 18.88 0.34
60 19.52 17.20 18.36 1.16 21.05 19.81 20.43 0.62
90 20.30 19.87 20.09 0.21 20.10 21.28 20.69 0.59

120 20.55 21.00 20.78 0.23 20.90 21.10 21.00 0.10
240 19.90 21.12 20.51 0.61 21.20 21.32 21.26 0.06
300 20.35 20.37 20.36 0.01 20.60 19.92 20.26 0.34

Experimental Conditions

Initial dye concentration 50 mg/L
Shaking speed 170 rpm
Adsorbent dosage 2g/L
Experimental temperature 25C
Solution pH 5.6

Adsorbent size 0.5-1.18 mm




Appendix C-6 Kinetic adsorption of RB5 onto modified straw
SMBS BMBS
Time Adsorption capacity ( mg/g) Adsorption capacity ( mg/g)
(min) runi run2 mean SEM runi run2 mean Om
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 11.00 10.66 10.83 0.17 9.10 8.16 8.63 0.47
10 12.90 13.02 12.96 0.06 14.10 12.27 13.18 0.92
20 18.35 16.81 17.58 0.77 16.15 15.24 15.70 0.45
30 18.90 19.22 19.06 0.16 19.45 17.77 18.61 0.84
45 21.05 19.98 20.52 0.53 20.50 | 20.76 20.63 0.13
60 21.80 22.06 21.93 0.13 | 2210 | 22.20 22.15 0.05
90 23.45 22.83 23.14 0.31 25.15 | 23.95 24.55 0.60
120 24.90 24 .11 24.51 0.39 25.95 | 26.61 26.28 0.33
150 25.00 25.31 25.16 0.16 27.20 | 27.33 27.26 0.06
180 25.70 26.23 25.96 0.26 | 29.00 | 27.77 28.39 0.61
210 27.15 25.59 26.37 0.78 | 28.85 | 29.76 29.30 0.45
240 27.10 28.20 27.65 0.55 30.50 31.83 31.16 0.66
300 27.50 26.40 26.95 0.55 31.74 30.10 30.92 0.82
360 27.00 28.11 27.56 0.56 31.85 31.87 31.86 0.01
Experimental Conditions
Initial dye concentration 100 mg/L
Shaking speed 170 rpm
Adsorbent dosage 2g/L
Experimental temperature 25C
Solution pH 5
Adsorbent size 0.5-1.18 mm




Appendix C-7 Kinetic adsorption of RB5 onto modified straw

SMBS BMBS
Time Adsorption capacity ( mg/g) Adsorption capacity ( mg/g)
(min) runi run2 mean SEM runi run2 mean Om
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 9.20 7.84 8.52 0.68 7.50 8.55 8.03 0.53
10 10.55 11.38 10.96 0.41 10.95 11.74 11.35 0.40
20 12.90 13.24 13.07 0.17 13.85 12.83 13.34 0.51
30 15.00 13.65 14.33 0.67 16.50 15.02 15.76 0.74
45 15.98 16.89 16.43 0.45 17.57 18.30 17.94 0.37
60 16.70 17.38 17.04 0.34 18.95 19.21 19.08 0.13
90 17.53 19.20 18.36 0.83 19.75 20.83 20.29 0.54
120 18.97 19.28 19.13 0.16 21.50 21.86 21.68 0.18
150 20.06 19.94 20.00 0.06 23.05 21.93 22.49 0.56
180 22.00 20.71 21.36 0.64 24.45 23.04 23.74 0.71
210 19.70 20.39 20.04 0.34 24.55 23.39 23.97 0.58
240 21.45 21.51 21.48 0.03 24.17 24.31 24.24 0.07
300 22.07 22.01 22.04 0.03 24.60 24.59 24.60 0.00
360 20.90 22.78 21.84 0.94 24.25 25.21 24.73 0.48
Experimental Conditions
Initial dye concentration 50 mg/L
Shaking speed 170 rpm
Adsorbent dosage 2g/L
Experimental temperature 25C
Solution pH 5

Adsorbent size 0.5-1.18 mm



Appendix C-8 Adsorption of AB40 onto various dosage of SMBS
Dosage Concentration ( mg/L) Concentration ( mg/L)

mg Initial run 1 run 2 Om runi run2 mean Om
1.00 215.00 0.70 0.30 0.50 21.43 | 21.47 21.45 0.02
0.70 215.00 2.31 2.69 2.50 30.38 | 30.33 30.36 0.03
0.50 215.00 12.54 7.46 10.00 40.49 | 41.51 41.00 0.51
0.30 215.00 71.45 68.55 70.00 47.85 | 48.82 48.33 0.48
0.10 215.00 | 168.00 172.00 170.00 | 47.00 | 43.00 45.00 2.00

Experimental Conditions

Initial dye concentration 50 mg/L

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Solution pH 5.8

Adsorbent size 0.5-1.18 mm




Appendix C-9

Adsorption of AB40 onto various dosage of BMBS

Dosage Concentration ( mg/L) Concentration ( mg/L)

mg Initial run 1 run 2 Om runi run2 mean Om
1.00 215.00 0.20 0.40 0.30 21.48 | 21.46 21.47 0.01
0.70 215.00 1.10 0.86 0.98 30.56 | 30.59 30.57 0.02
0.50 215.00 1.89 2.03 1.96 42.62 | 42.59 42.61 0.01
0.30 215.00 61.15 58.85 60.00 51.28 | 52.05 51.67 0.38
0.10 215.00 | 162.24 163.98 163.11 52.76 | 51.02 51.89 0.87

Experimental Conditions

Initial dye concentration 50 mg/L

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Solution pH 5.8

Adsorbent size 0.5-1.18 mm




Appendix C-10

Adsorption of RB4 onto various dosage of SMBS

Dosage Concentration ( mg/L) Concentration ( mg/L)

mg Initial run 1 run 2 Om runi run2 mean Om
1.00 223.00 1.90 0.70 1.30 2211 | 22.23 2217 0.06
0.70 223.00 22.00 18.00 20.00 28.71 | 29.29 29.00 0.29
0.50 223.00 93.57 91.46 92.52 25.89 | 26.31 26.10 0.21
0.30 223.00 | 137.40 142.60 140.00 | 28.53 | 26.80 27.67 0.87
0.10 223.00 | 193.50 186.50 190.00 | 29.50 | 36.50 33.00 3.50

Experimental Conditions

Initial dye concentration 50 mg/L

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Solution pH 5.6

Adsorbent size 0.5-1.18 mm




Appendix C-11

Adsorption of RB4 onto various dosage of BMBS

Dosage Concentration ( mg/L) Concentration ( mg/L)

mg Initial run 1 run 2 Om runi run2 mean Om
1.00 223.00 2.00 1.00 1.50 2210 | 22.20 22.15 0.05
0.70 223.00 14.53 16.02 15.28 29.78 | 29.57 29.67 0.11
0.50 223.00 89.17 85.86 87.52 26.77 | 27.43 27.10 0.33
0.30 223.00 | 135.53 128.81 132.17 | 29.16 | 31.40 30.28 1.12
0.10 223.00 | 185.28 186.72 186.00 | 37.72 | 36.28 37.00 0.72

Experimental Conditions

Initial dye concentration 50 mg/L

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Solution pH 5.6

Adsorbent size 0.5-1.18 mm




Appendix C-12

Adsorption of RB5 onto various dosage of SMBS

Dosage Concentration ( mg/L) Concentration ( mg/L)

mg Initial run 1 run 2 Om runi run2 mean Om
1.00 212.00 14.95 17.05 16.00 19.71 | 19.50 19.60 0.11
0.70 212.00 51.34 48.66 50.00 22.95 | 23.33 23.14 0.19
0.50 212.00 98.68 100.45 99.57 22.66 | 22.31 22.49 0.18
0.30 212.00 | 137.50 132.50 135.00 | 24.83 | 26.50 25.67 0.83
0.10 212.00 | 186.90 189.10 188.00 | 25.10 | 22.90 24.00 1.10

Experimental Conditions

Initial dye concentration

Shaking speed

Contact time

Experimental temperature

Solution pH

Adsorbent size

50 mg/L

170 rpm

5h

25C

5

0.5-1.18 mm




Appendix C-13

Adsorption of RB5 onto various dosage of BMBS

Dosage Concentration ( mg/L) Concentration ( mg/L)

mg Initial  |run 1 run 2 Om runi run2 mean Om
1.00 212.00 0.40 0.20 0.30 21.16 2118 | 21.17 | 0.01
0.70 212.00 1.15 0.81 0.98 30.12 30.17 | 30.15 | 0.02
0.50 212.00 2.20 1.72 1.96 41.96 42.06 | 42.01 | 0.05
0.30 212.00 58.65 61.35 60.00 51.12 50.22 | 50.67 | 0.45
0.10 212.00 162.35 163.87 163.11 49.65 48.13 | 48.89 | 0.76

Experimental Conditions

Initial dye concentration 50 mg/L

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Solution pH 5

Adsorbent size

0.5-1.18 mm




Appendix C-14 Effect of pH on adsorption of AB40 onto SMBS

oH Concentration ( mg/L) Concentration ( mg/L)

Initial run 1 run 2 mean run1 run2 mean Om
3 93.85 31.05 30.91 30.98 31.40 31.47 31.43 0.04
5 99.09 11.97 12.51 12.24 43.56 43.29 43.43 0.13
8 99.02 16.85 17.84 17.34 41.09 40.59 40.84 0.25
11 98.60 41.03 38.27 39.65 28.79 30.17 29.48 0.69

Experimental Conditions

Shaking speed 170 rpm
Contact time 5h
Experimental temperature 25C
Adsorbent dosage 2g/L

Adsorbent size 0.5-1.18 mm




Appendix C-15

Effect of pH on adsorption of AB40 onto BMBS

oH Concentration ( mg/L) Concentration ( mg/L)
Initial run 1 run 2 mean runi run2 mean Om

3 93.85 33.17 33.96 33.57 30.34 29.94 30.14 | 0.20
5 99.09 1.59 1.63 1.61 48.75 48.73 48.74 | 0.01
8 99.02 4.33 4.62 4.48 47.35 47.20 47.27 | 0.07
11 98.60 19.79 19.93 19.86 39.41 39.34 39.37 | 0.04

Experimental Conditions

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Adsorbent dosage 2g/L

Adsorbent size 0.5-1.18 mm




Appendix C-16

Effect of pH on adsorption of RB4 onto SMBS

Concentration ( mg/L)

Concentration ( mg/L)

PH Initial run 1 run2 |mean runi run2 mean Om
3 99.92 0.00 0.00 0.00 49.96 49.96 | 49.96 | 0.00
5 97.52 50.09 52.19 51.14 23.71 22.67 | 23.19 | 0.52
8 98.72 57.24 55.04 56.14 20.74 21.84 | 21.29 | 0.55
11 105.79 83.43 86.43 84.93 11.18 9.68 1043 | 0.75

Experimental Conditions

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Adsorbent dosage 2g/L

Adsorbent size 0.5-1.18 mm




Appendix C-17

Effect of pH on adsorption of RB4 onto BMBS

oH Concentration ( mg/L) Concentration ( mg/L)
Initial  |run 1 run2 |mean runi run2 mean Om

3 99.92 0.00 0.00 0.00 49.96 49.96 | 49.96 | 0.00
5 97.52 44.90 58.71 51.81 26.31 19.40 | 22.86 | 3.45
8 98.72 54.05 51.45 52.75 22.34 23.64 | 22.99 | 0.65
11 105.79 31.87 33.81 32.84 36.96 35.99 | 36.48 | 048

Experimental Conditions

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Adsorbent dosage 2g/L

Adsorbent size 0.5-1.18 mm




Appendix C-18 Effect of pH on adsorption of RB5 onto SMBS

oH Concentration ( mg/L) Concentration ( mg/L)

Initial run 1 run2 |mean runi run2 mean Om
3 99.92 0.00 0.00 0.00 49.96 49.96 | 49.96 | 0.00
5 100.78 65.74 62.72 64.23 17.52 19.03 18.27 | 0.76

8 100.96 68.98 70.15 69.57 15.99 15.40 | 15.70 | 0.29

11 99.39 64.49 66.57 65.53 17.45 16.41 16.93 | 0.52

Experimental Conditions

Shaking speed 170 rpm
Contact time 5h
Experimental temperature 25C
Adsorbent dosage 2g/L

Adsorbent size 0.5-1.18 mm



Appendix C-19

Effect of pH on adsorption of RB5 onto BMBS

Concentration ( mg/L)

Concentration ( mg/L)

PH Initial run 1 run2 |mean runi run2 mean Om
3 99.92 0.00 0.00 0.00 49.96 49.96 | 49.96 | 0.00
5 100.78 52.89 50.72 51.81 23.94 25.03 | 24.48 | 0.54
8 100.96 51.67 53.83 52.75 24.64 23.56 | 24.10 | 0.54
11 99.39 33.06 32.62 32.84 33.16 33.38 | 33.27 | 0.1

Experimental Conditions

Shaking speed 170 rpm

Contact time 5h

Experimental temperature 25C

Adsorbent dosage 2g/L

Adsorbent size 0.5-1.18 mm




Appendix C-20 Adsorption of AB40 onto RBS (Packed Bed Column)

Experimental
Ct

time(min) volume L (mg/L) Ct/Ci
1 0.01 5.14 0.10
2 0.02 4.28 0.09
3 0.03 12.64 0.25
4 0.04 21.56 0.43
5 0.05 31.42 0.63
6 0.06 37.85 0.76
7 0.07 41.85 0.84
8 0.08 45.49 0.91
9 0.09 47.06 0.94
10 0.10 46.06 0.92
15 0.15 49.35 0.99
20 0.20 48.56 0.97
25 0.25 48.78 0.98
30 0.30 49.49 0.99
35 0.35 49.56 0.99
40 0.40 49.28 0.99
45 0.45 49.85 1.00
50 0.50 50.64 1.01
55 0.55 49.64 0.99
60 0.60 49.28 0.99
65 0.65 49.99 1.00
70 0.70 50.00 1.00
90 0.90 50.00 1.00
100 1.00 49.99 1.00

Experimental conditions

Adsorbate AB40
initial conc (Ci) 50 mg/L
Adsorbent RBS
Column Bed Height 8 cm
Adsorbent Weight 59

Flowrate 10 mli/min



Appendix C-21 Adsorption of AB40 onto RBS-N (Packed Bed Column)

Experimental
Ct
time(min) volume L (mg/L) Ct/Ci
1 0.01 5.14 0.10
2 0.02 12.35 0.25
3 0.03 19.28 0.39
4 0.04 22.14 0.44
5 0.05 29.35 0.59
6 0.06 2942 0.59
7 0.07 31.56 0.63
8 0.08 32.56 0.65
9 0.09 32.99 0.66
10 0.10 35.49 0.71
12 0.12 35.99 0.72
14 0.14 37.28 0.75
16 0.16 37.92 0.76
18 0.18 37.56 0.75
20 0.20 39.56 0.79
25 0.25 41.14 0.82
33 0.33 41.49 0.83
40 0.40 44.28 0.89
50 0.50 44.85 0.90
60 0.60 45.71 0.91
65 0.65 45.71 0.91
70 0.70 45.92 0.92
80 0.80 45.64 0.91
90 0.90 47.28 0.95

Experimental conditions

Adsorbate AB40
initial conc (Ci) 50 mg/L
Adsorbent RBS
Column Bed Height 8 cm
Adsorbent Weight 59

Flowrate 10 mli/min



Appendix C-22

Adsorption of AB40 onto SMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas |Yoon Thomas |Yoon
time(min) volume L |(mg/L) Ct/Ci Ct (mg/L) |Ct (mg/L) [CY/Ci Ct/Ci
5 0.05 0.00 0.00 0.05 0.05 0.00 0.00
10 0.10 0.00 0.00 0.05 0.05 0.00 0.00
30 0.30 0.00 0.00 0.07 0.07 0.00 0.00
60 0.60 0.00 0.00 0.10 0.10 0.00 0.00
120 1.20 0.00 0.00 0.21 0.21 0.00 0.00
180 1.80 0.00 0.00 0.44 0.44 0.01 0.01
210 2.10 0.00 0.00 0.65 0.65 0.01 0.01
240 2.40 0.00 0.00 0.94 0.94 0.02 0.02
270 2.70 0.00 0.00 1.37 1.37 0.03 0.03
300 3.00 0.00 0.00 1.98 1.98 0.04 0.04
320 3.20 0.00 0.00 2.53 2.53 0.05 0.05
340 3.40 0.00 0.00 3.21 3.22 0.06 0.06
370 3.70 1.42 0.03 4.57 4.58 0.09 0.09
390 3.90 3.35 0.07 5.74 5.75 0.11 0.11
405 4.05 5.56 0.11 6.78 6.79 0.14 0.14
435 4.35 9.99 0.20 9.34 9.35 0.19 0.19
455 4.55 12.92 0.26 11.41 11.43 0.23 0.23
480 4.80 18.64 0.37 14.43 14.44 0.29 0.29
515 5.15 22.28 0.45 19.33 19.34 0.39 0.39
555 5.55 25.64 0.51 25.46 25.48 0.51 0.51
590 5.90 30.71 0.61 30.75 30.77 0.61 0.62
610 6.10 32.49 0.65 33.53 33.55 0.67 0.67
650 6.50 36.85 0.74 38.30 38.32 0.77 0.77
680 6.80 40.14 0.80 41.10 41.11 0.82 0.82
710 7.10 42.14 0.84 43.25 43.26 0.87 0.87
735 7.35 43.92 0.88 44.62 44.63 0.89 0.89
765 7.65 44.85 0.90 45.85 45.85 0.92 0.92
795 7.95 45.56 0.91 46.73 46.73 0.93 0.93
825 8.25 47.49 0.95 47.35 47.35 0.95 0.95
855 8.55 47.64 0.95 47.78 47.78 0.96 0.96
885 8.85 48.49 0.97 48.08 48.08 0.96 0.96
945 9.45 49.99 1.00 48.42 48.42 0.97 0.97
1005 10.05 49.99 1.00 48.59 48.59 0.97 0.97
1100 11.00 49.99 1.00 48.69 48.69 0.97 0.97
Experimental conditions
Adsorbate AB40
initial conc (Ci) 50 mg/L
Adsorbent SMBS
Column Bed Height 8 cm
Adsorbent Weight 59
Flowrate 10 ml/min




Appendix C-22

Adsorption of AB40 onto BMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas 'Yoon Thomas [Yoon
time(min) volume L (mg/L) Ct/Ci  |Ct(mg/L) [Ct(mg/L) |Ct/Ci Ct/Ci
10 0.10 0.00 0.00 0.01 0.01 0.00 0.00
30 0.30 0.00 0.00 0.01 0.01 0.00 0.00
60 0.60 0.00 0.00 0.02 0.02 0.00 0.00
120 1.20 0.00 0.00 0.03 0.03 0.00 0.00
180 1.80 0.00 0.00 0.06 0.06 0.00 0.00
210 2.10 0.00 0.00 0.08 0.08 0.00 0.00
240 2.40 0.00 0.00 0.12 0.12 0.00 0.00
270 2.70 0.00 0.00 0.16 0.16 0.00 0.00
300 3.00 0.00 0.00 0.23 0.23 0.00 0.00
330 3.30 0.00 0.00 0.32 0.32 0.01 0.01
390 3.90 0.00 0.00 0.61 0.61 0.01 0.01
420 4.20 0.00 0.00 0.85 0.85 0.02 0.02
480 4.80 0.00 0.00 1.63 1.63 0.03 0.03
500 5.00 0.00 0.00 2.02 2.02 0.04 0.04
535 5.35 0.35 0.01 2.93 2.93 0.06 0.06
560 5.60 1.28 0.03 3.79 3.79 0.08 0.08
575 5.75 2.35 0.05 4.42 4.42 0.09 0.09
600 6.00 4.49 0.09 5.67 5.67 0.11 0.11
630 6.30 8.71 0.17 7.58 7.57 0.15 0.15
660 6.60 10.92 0.22 9.97 9.97 0.20 0.20
680 6.80 12.42 0.25 11.86 11.85 0.24 0.24
720 7.20 16.42 0.33 16.30 16.30 0.33 0.33
750 7.50 22.14 0.44 20.12 20.12 0.40 0.40
780 7.80 25.99 0.52 24.19 24.18 0.48 0.48
810 8.10 28.56 0.57 28.27 28.27 0.57 0.57
830 8.30 32.16 0.64 30.90 30.90 0.62 0.62
870 8.70 34.99 0.70 35.69 35.68 0.71 0.71
900 9.00 37.14 0.74 38.73 38.72 0.77 0.77
933 9.33 39.28 0.79 41.46 41.46 0.83 0.83
960 9.60 40.71 0.81 43.25 43.24 0.87 0.86
1005 10.05 44.99 0.90 45.46 45.45 0.91 0.91
1035 10.35 46.64 0.93 46.49 46.48 0.93 0.93
1080 10.80 47.99 0.96 47.57 47.56 0.95 0.95
1140 11.40 48.92 0.98 48.41 48.40 0.97 0.97
1200 12.00 49.99 1.00 48.85 48.84 0.98 0.98
1260 12.60 49.99 1.00 49.08 49.07 0.98 0.98
1320 13.20 49.99 1.00 49.20 49.19 0.98 0.98
Experimental conditions
Adsorbate AB40
initial conc (Ci) 50 mg/L
Adsorbent BMBS
Column Bed Height 8 cm
Adsorbent Weight 59
Flowrate 10 ml/min




Appendix C-23 Adsorption of RB5 onto RBS (Packed Bed Column)

Experimental
Ct
time(min) volume L (mg/L) Ct/Ci
1 0.01 0.00 0.00
2 0.02 31.39 0.63
3 0.03 36.27 0.73
4 0.04 38.71 0.77
5 0.05 42.49 0.85
6 0.06 43.59 0.87
7 0.07 45.05 0.90
8 0.08 46.27 0.93
9 0.09 47.37 0.95
10 0.1 47.37 0.95
13 0.13 47.24 0.94
16 0.16 50.00 1.00
20 0.2 50.00 1.00
30 0.3 50.00 1.00
40 0.4 50.00 1.00
50 0.5 48.00 0.96
60 0.6 50.00 1.00

Experimental conditions

Adsorbate RB5
initial conc (Ci) 50 mg/L
Adsorbent RBS
Column Bed Height 8 cm
Adsorbent Weight 59

Flowrate 10 ml/min






Appendix C-23 Adsorption of RB5 onto RBS-N (Packed Bed Column)

Experimental
Ct

time(min) volume L (mg/L) Ct/Ci
1 0.01 0.00 0.00
2 0.02 35.05 0.70
3 0.03 39.93 0.80
4 0.04 38.71 0.77
5 0.05 43.59 0.87
6 0.06 44.20 0.88
7 0.07 45.78 0.92
8 0.08 46.27 0.93
9 0.09 47.37 0.95
10 0.1 47.37 0.95
13 0.13 50.00 1.00
16 0.16 50.00 1.00
20 0.2 50.00 1.00
30 0.3 50.00 1.00
40 0.4 50.00 1.00
50 0.5 50.00 1.00
60 0.6 50.00 1.00

Experimental conditions

Adsorbate RB5

initial conc (Ci) 50 mg/L

Adsorbent RBS-N

Column Bed Height 8 cm

Adsorbent Weight 5¢g

Flowrate 10 ml/min



Appendix C-24 Adsorption of RB5 onto SMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas 'Yoon Thomas [Yoon
time(min) |volume L |[(mg/L) Ct/Ci [Ct(mg/L) [Ct(mg/L) |Ct/Ci Ct/Ci
5 0.05 0.00 0.00 0.04 0.04 0.00 0.00
10 0.10 0.00 0.00 0.05 0.05 0.00 0.00
15 0.15 0.00 0.00 0.06 0.06 0.00 0.00
20 0.20 0.00 0.00 0.07 0.07 0.00 0.00
25 0.25 0.00 0.00 0.07 0.08 0.00 0.00
30 0.30 0.00 0.00 0.09 0.09 0.00 0.00
40 0.40 0.00 0.00 0.11 0.11 0.00 0.00
50 0.50 0.00 0.00 0.15 0.15 0.00 0.00
60 0.60 0.00 0.00 0.20 0.20 0.00 0.00
90 0.90 0.00 0.00 0.46 0.47 0.01 0.01
105 1.05 0.00 0.00 0.70 0.71 0.01 0.01
120 1.20 0.00 0.00 1.06 1.07 0.02 0.02
142 1.42 0.14 0.00 1.94 1.95 0.04 0.04
150 1.50 0.93 0.02 2.41 242 0.05 0.05
165 1.65 1.62 0.03 3.58 3.59 0.07 0.07
180 1.80 2.97 0.06 5.25 5.27 0.11 0.11
200 2.00 6.42 0.13 8.52 8.56 0.17 0.17
225 2.25 16.02 | 0.32 14.60 14.65 0.29 0.29
240 2.40 21.73 |0.43 19.22 19.27 0.38 0.39
255 2.55 26.80 | 0.54 24.24 24.30 0.48 0.49
270 2.70 30.07 | 0.60 29.26 29.31 0.59 0.59
285 2.85 33.06 | 0.66 33.85 33.90 0.68 0.68
300 3.00 36.20 | 0.72 37.73 37.77 0.75 0.76
330 3.30 40.39 | 0.81 43.09 43.12 0.86 0.86
360 3.60 43.30 | 0.87 45.90 45.91 0.92 0.92
390 3.90 4559 | 0.91 47.22 47.22 0.94 0.94
420 4.20 4792 | 0.96 47 .81 47 .81 0.96 0.96
435 4.35 48.08 | 0.96 47.96 47.96 0.96 0.96
450 4.50 48.84 | 0.98 48.06 48.06 0.96 0.96
480 4.80 49.69 | 0.99 48.18 48.18 0.96 0.96
520 5.20 49.69 | 0.99 48.23 48.23 0.96 0.96
550 5.50 4969 | 0.99 48.25 48.25 0.96 0.96
600 6.00 49.00 | 0.98 48.26 48.26 0.97 0.97

Experimental conditions

Adsorbate RB5
initial conc (Ci) 50 mg/L
Adsorbent SMBS

Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 10 ml/min



Appendix C-25 Adsorption of RB5 onto BMBS (Packed Bed Column)

Experimental Column Model
Ct Thomas 'Yoon Thomas [Yoon
time(min) |volume L |[(mg/L) Ct/Ci [Ct(mg/L) [Ct(mg/L) |Ct/Ci Ct/Ci
5 0.05 0.00 0.00 0.00 0.00 0.00 0.00
10 0.10 0.00 0.00 0.00 0.00 0.00 0.00
15 0.15 0.00 0.00 0.00 0.00 0.00 0.00
20 0.20 0.00 0.00 0.00 0.00 0.00 0.00
25 0.25 0.00 0.00 0.00 0.00 0.00 0.00
30 0.30 0.00 0.00 0.01 0.01 0.00 0.00
40 0.40 0.00 0.00 0.01 0.01 0.00 0.00
50 0.50 0.00 0.00 0.01 0.01 0.00 0.00
60 0.60 0.00 0.00 0.01 0.01 0.00 0.00
90 0.90 0.00 0.00 0.03 0.03 0.00 0.00
105 1.05 0.00 0.00 0.05 0.05 0.00 0.00
120 1.20 0.00 0.00 0.07 0.07 0.00 0.00
142 1.42 0.00 0.00 0.13 0.13 0.00 0.00
150 1.50 0.00 0.00 0.16 0.16 0.00 0.00
165 1.65 0.00 0.00 0.24 0.24 0.00 0.00
180 1.80 0.00 0.00 0.37 0.37 0.01 0.01
200 2.00 0.19 0.00 0.64 0.65 0.01 0.01
225 2.25 0.28 0.01 1.28 1.29 0.03 0.03
240 2.40 0.63 0.01 1.93 1.93 0.04 0.04
255 2.55 1.46 0.03 2.88 2.88 0.06 0.06
270 2.70 2.99 0.06 4.26 4.26 0.09 0.09
285 2.85 4.69 0.09 6.20 6.21 0.12 0.12
300 3.00 7.67 0.15 8.85 8.85 0.18 0.18
315 3.15 10.00 | 0.20 12.28 12.29 0.25 0.25
330 3.30 18.12 | 0.36 16.49 16.50 0.33 0.33
345 3.45 25.00 | 0.50 21.26 21.28 0.43 0.43
360 3.60 28.21 0.56 26.25 26.26 0.52 0.53
390 3.90 34.60 | 0.69 35.22 35.23 0.70 0.70
420 4.20 39.63 | 0.79 41.29 41.30 0.83 0.83
435 4.35 41.02 |0.82 43.23 43.23 0.86 0.86
450 4.50 42.02 |0.84 44.60 44.60 0.89 0.89
480 4.80 44,31 0.89 46.19 46.19 0.92 0.92
495 4.95 4543 | 0.91 46.62 46.62 0.93 0.93
525 5.25 4745 | 0.95 47.10 47.10 0.94 0.94
540 5.40 48.12 | 0.96 47.23 47.23 0.94 0.94
570 5.70 49.01 0.98 47.37 47.37 0.95 0.95
600 6.00 4969 | 0.99 47 42 47.42 0.95 0.95
660 6.60 50.00 | 1.00 47 .46 47.46 0.95 0.95

Experimental conditions

Adsorbate RB5
initial conc (Ci) 50 mg/L
Adsorbent BMBS

Column Bed Height 8 cm
Adsorbent Weight 5g
Flowrate 10 ml/min
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