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This thesis presents fabrication of sustainable surfactants from bio-polymer and demonstrates their 

performance in dispersion of spilled oil with different quality of water and climatic conditions, to 

provide a sustainable environmental technology for the oil spill treatment. 

  

One of the biggest threats to marine ecosystem is an oil spill, since the presence of an abundant 

amount of hydrocarbons alters the natural phenomenon of marine creatures. Moreover, for Arctic 

regions, the harsh climatic conditions and remoteness make the oil spill response more challenging. 

Various oil spill response techniques such as skimmers, booms, in-situ burning and dispersants 

were used. For large spill, mechanical methods are too slow to respond in the cold ice-affected 

waters and therefore, the most feasible response option is chemical surfactant. However, despite of 

their effectiveness, the use of synthetic dispersing agents such as Corexit 9527 and 9500 are proven 

to be more toxic than spilled oil. Therefore, an eco-friendly and sustainable approach towards the 

environment has introduced many non-toxic and biodegradable materials, such as cellulose and 

chitosan, for the removal and recovery of oil from water resources.  

 

Chitin is the second most abundant natural polymer obtained from crustaceans of crabs, lobsters 

and shrimps. Chitosan, which has two surface-active functional groups, hydroxyl and amino 

groups, is obtained from the deacetylation of chitin. In this work, these groups were modified via 

carboxymethylation and acylation to enhance the water solubility and hydrophobicity of chitosan. 

These modification routes can provide potential surfactant properties on chitosan as the polar 

chitosan skeleton will likely orientate towards the water phase and non-polar alkyl-groups towards 

the oil phase in oil-water system enabling dispersion of oil droplets. The decrease in temperature 

enlarged the oil droplet size. The formation of emulsion by breaking the oil in seawater requires 

more amount of chitosan materials than deionized water, and this was overcome by the cross-

combination of chitosan materials with orange peels. Therefore, such approach of using biowaste-

based surfactant as one of the component in dispersant formulation would minimise the traces of 

hazardous chemicals in the marine ecosystem as well as enhance the oil bio-remediation. 

 

Keywords 

Chitosan, oil-in-water emulsion, carboxymethylation, acylation, hydrophobic modification, 

adsorption, stabilization of oil droplets, marine diesel, seawater, orange peels, electrosteric 

stabilization.   
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Nomenclature 

In the present work, variables and constants are denoted using slanted style, and abbreviations are 

denoted using regular style. 

 

List of symbols and units 

Vinitial Volume of NaOH used in blank titration   ml 

Vused  Volume of NaOH used in sample titration  ml 

W Weight of sample    g 

N  Molarity of NaOH    mol kg-1 

Vi, Respective volumes of NaOH (i=1,2,3)   ml 

C Concentration of NaOH    mmol L-1 

V Volume of NaOH to neutralize the carboxylate group  L 

Ci  Initial amount of oil    ml 

Cs  Separated amount of oil    ml 

Cr  Recovered amount of oil    ml 

Dx Equivalent volume diameters   µm 

R Recovery of oil    % 

TCA Amount of carboxylic acid content   mmol g-1 

 

 

Abbreviations 

1H NMR Proton nuclear magnetic resonance spectroscopy 

BAC Benzalkonium chloride 

BET Brunauer-Emmett-Teller 

BZT Benzethonium chloride 

Ch-A Chitosan from crab shells 

Ch-B Chitosan from shrimp shells 

Ch-C Chitosan having high molecular weight 

CPC Cetylpyridinium chloride 

CSOP-A Hydrophobically modified carboxymethyl chitosan-orange peels 

CTAB Cetyl trimethylammonium bromide 

CTAC Cetyl trimethylammonium chloride 

DDA Degree of deacetylation 

DI Deionised water 

DOSS Dioctyl sodium sulfosuccinate 

DS Degree of substitution 

DTAC Dodecyl trimethyl ammonium chloride 

ECH Epichlorohydrin 

EDS Energy dispersive X-ray spectroscopy 

FTIR Fourier transform infrared spectrophotometer 

GC-FID  Gas Chromatography  
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Glu Glutaraldehyde 

HCl Hydrochloric acid 

IFT Interfacial tension 

IPA Isopropanol 

ITOPF  The International Tanker Owners Pollution Federation Ltd  

LABs Linear alkylbenzene sulfonates 

MB Methylene blue 

NaOH Sodium hydroxide 

Na-CSb Sodium salt of carboxymethyl chitosan (from shrimp shells chitosan) 

Na-CSc Sodium salt of carboxymethyl chitosan (from high molecular weight chitosan) 

NaO-CS Sodium salt of oleoyl carboxymethyl chitosan 

NO-CS  N,O-carboxymethyl chitosan 

NPOC Non-purge organic carbon 

OP-A Hydrophobically modified orange peels powder 

O/W Oil-in-water 

O/W/O Oil-in-water-in-oil 

PFOS Perfluorooctanesulfonate 

RT Room temperature 

SaO Safranin O 

SDS Sodium dodecyl sulfate 

SEM Scanning electron microscopy 

SLS Sodium lauryl sulfate 

SW Seawater 

Tart Tartrazine  

TOC Total organic carbon 

XRD X-ray diffraction spectroscopy  

W/O Water-in-oil 

W/O/W Water-in-oil-in-water 

ZP Zeta potential 
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1 Introduction 

Global entry of oil into the water stream is either through accidental spills from oil tankers and/or 

underwater pipelines, through the waste disposal from factories and industrial facilities, through 

offshore drilling and production operations, or by increased in transportation (Farrington and 

McDowell, 2004). An oil spill is the release of liquid petroleum hydrocarbon into the environment. 

Since approx. 13% of oil entering the oceans is the resultant of oil spill, oceans are considered as 

the world’s largest water resource getting polluted by oil. In addition, the changing climate made 

a revolution in the arctic regions through expansion of the industrial activities along with maritime 

traffic (Wassmann et al., 2011; Arrigo, 2013), which also increased the oil spill rate.  

As per ITOPF, the spills are generally categorised by size as <7 tonnes, 7-700 tonnes and >700 

tonnes, respectively, among which the majority of spill incidents fall into the smallest category. 

Table 1.1 presents a history of the oil entered the water resources since 1970 (ITOPF, 2018). After 

the number of oil spills incidents, various regulations and strategies, such as trained crew and 

appropriate damage control materials must be on boarded, have been incorporated to prevent spills 

in the future (Arctic Council, 2009; Carriger and Barron, 2011; Environmental Protection Agency, 

2018). Some of the largest catastrophic tankers oil spills in past few years were Atlantic Empress 

(1979), Castillo de Bellver (1983), Exxon Valdez (1987) and Deep Horizon (2010), that not only 

affected the water surface, but also trapped marine creatures (Peterson et al., 2003; DeLeo et al., 

2016; Sagerup et al., 2016) and offshore landfills (Jernelöv, 2010).  

Table 1.1: Perspective of oil spills from 1979-2017.  

Year Number of spills Quantity (in tonnes) 

7-700 tonnes >700 tonnes 

1970-1979 543 245 3195000 

1980-1989 360 94 1175000 

1990-1999 281 77 1134000 

2000-2009 149 32 196000 

2010-2017 39 14 47000 

 

 

Generally during the clean-up operations only few percent of the total spilled oil was successfully 

recovered, whereas, the bulk of clean-up was carried out by oil-eating microbes in the water (Hoff, 

1993; Atlas, 1995; Röling et al., 2002; Atlas and Hazen, 2011). In addition to this, the type of oil 

and geographical conditions plays a significant role in the determination of oil spills impacts and 

recovery rates (Dicks, 1998; Dahlmann, 2003). Nevertheless, for Arctic regions, clean-up was 

difficult due to the remoteness and harsh environmental conditions.  

Although there are predefined methods such as mechanical/physical, chemical, and biological, for 

the oil spill response (Tewari and Sirvaiya, 2015; Environmental Protection Agency, 2017), until 

the date there is a huge gap between the available techniques and its applicability in reality. Figure 

1.1 shows the functionalisation of spilled oil in the marine ecosystem together with their treatment 

methods. The methods associated with the recovery of spilled oil from the water surfaces without 
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any physical change in the property of oil are classified as physical/mechanical methods. It mainly 

includes booms, barriers, and skimmers, for the removal and recovery of spilled oil. Booms are the 

stationary floating objects which absorb the spilled oil and prevent the movement of slicked oil. 

Barriers are the materials that prevent the movement and dispersal of spilled materials. Skimmers 

are stationary or mobile devices used to remove floating and/or emulsified oil from the water 

surface. In addition to this, in-situ burning is feasible using high-temperature booms (Evans et al., 

2001; Fingas, 2011) and this is mostly used in Arctic conditions along with skimmers. Hydrophobic 

sorbents and meshes could be utilised in skimmers for enhanced oil recovery (EOR) (Doshi et al., 

2018).  

 
Figure 1.1: Ideal behaviour of spilled oil in the marine environment along with its response 

techniques. 

 

Other than mechanical methods, weathering i.e. certain naturally occurring processes such as 

oxidation, evaporation, and biodegradation, are also taken into account for the oil spill response. 

Generally, these are too slow to provide adequate environmental recovery and, hence, wiping with 

sorbent materials, pressure washing, and raking and bulldozing can be used to assist these natural 

processes. Sorbents materials that can soaked oil either by absorption or adsorption are also used 

to treat spilled oil. Chemical methods include dispersants sprayed on the oil spill to break it up into 
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small droplets (ITOPF, 2014; Graham et al., 2016; John et al., 2016). These small droplets of oil 

then disperse or mix with water. However, the other side of using dispersants is their toxicity 

towards marine life (Zheng et al., 2014; Wise et al., 2014). In addition, sorbent materials may be 

used in small-scale oil spills. Biological methods include the addition of microbes and/or nutrients 

and/or oxygen to stimulate bacterial growth and the resultant biodegradation as well as the 

bioremediation of the spilled oil (Azubuike et al., 2016). However, physiochemical methods have 

limitations in terms of crude oil clean-up and, therefore, recently biological methods have held 

sway (Das and Chandran, 2011; Dave and Ghaly, 2011). Moreover, the nature of the oil spill 

determines the techniques and the materials (Teas et al., 2001) to be used. 

 

On the basis of chemical and mechanical clean-up, sorbents, gelators, surfactants, aerogel and 

separators were used in past ten years for treating the spilled oil. These materials are either bio-

based or synthetic, but there is a growing demand for green and sustainable materials for the 

treatment of oil spill (Doshi et al., 2018). Recently, biopolymers such as cellulose, chitin, chitosan, 

gum agar, xanthan gum and agarose, were widely used in the treatment of oil spills (Venkataraman 

et al., 2013; Chaudhary et al., 2014; Chaudhary et al., 2015; Paul et al., 2016; Pi et al., 2016; Dai 

et al., 2017; Laitinen, Suopajärvi, et al., 2017; Laitinen, Ojala, et al., 2017; Mohy Eldin et al., 2017). 

In addition to this, many alternative eco-friendly dispersants based on food-grade amphiphilies 

(Athas et al., 2014; Riehm et al., 2015; Riehm et al., 2017), bio-polymeric blends (Fouad et al., 

2016) and magnetic nano-particles (Zhang et al., 2017; Soares et al., 2017) have been studied for 

the removal and/or separation of oil from water resources.  

 

The main objective of this work was to develop chitosan-based materials, as an oil sorbent or as an 

oil emulsifier or as a surfactant for the oil spill treatment. Chitosan is an effective macromolecule 

consisting of hydroxyl and amino groups, which provides hydrophilicity and adsorptive 

characteristics. Generally, the oil-in-water emulsions is feasible, when the chitosan particles gets 

adsorb at oil-water interface. However, the native chitosan was insoluble at pH>6.5, but 

protonation of amino groups of chitosan in acidic solutions make it soluble. So, the functionality 

of amino groups with changing pH might affect the stabilization of emulsions along with the 

hydrophilicity and hydrophobicity of modified chitosan. Mostly, water available in the nature is 

seawater with salinity up to 3.5% and pH of approximately 8. Hence, effectiveness of chitosan-

based materials to stabilize oil-in-water emulsions in presence of ionic strength is also an important 

factor prior to its applicability. The emulsification of oil stepped down the spreading of the oil on 

the water after oil spill and enhanced the natural biodegradability.  

 

The main aim of this study was to demonstrate the application of bio-polymer, chitosan, in breaking 

of the oil present on the water surface to form emulsion. In addition, the type of emulsion formed 

and its stability with changing pH and salinity after application of chitosan-based material was also 

studied as follows (Papers I-II, IV) 

 Development of water soluble chitosan derivative and its applicability in the formation of 

emulsion with marine diesel, diesel and marine 2T-oil  

 Development of amphiphilic chitosan as a surfactant or an emulsifier for removal of marine 

diesel from water surface 
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 Study the effect of pH, salinity and temperature in the behaviour of emulsion 

 Recovery of oil from emulsified oil using different quality of water 

 Development of bio-based surfactant use in the formulation of dispersants to enhance the 

sustainability and bio-remediation 

 

The suitability of chitosan-based materials was also tested for the removal of dyes such as 

methylene blue (MB), safranin O (SaO) and Tartrazine (Tart) along with divalent metal ions from 

the water resources (Paper III). In this study, effect of pH, ionic strength, temperature, contact time 

and presence of competing ions were examined. In addition to these, adsorption behaviour 

(kinetics, isotherms and thermodynamics) and corresponding experimental data were also 

estimated with different theoretical models such as Bangham, Weber-Morris, Langmuir, 

Freundlich, Tekmin, Dubinin-Radushkevich, and Sips, along with pseudo-first and -second order.  
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2 State of the art 

2.1 Emulsions  

An emulsion is a thermodynamically unstable system consisting of at least two immiscible liquid 

phases, one of which is dispersed as globules in the other liquid phase. In an ideal emulsion system, 

small volume fraction is classified as dispersed phase (oil) and larger as continuous phase 

(aqueous/water) or in other ways, the droplet phase is called the dispersed phase and the liquid in 

which the droplets are dispersed is called a continuous phase. The boundary between these two 

phases is known as an interface. Interfacial tension (IFT) is the amount of energy required to 

increase the interfacial area between two immiscible liquids, i.e. oil and water. In other words, IFT 

is the force per unit length existing at the interface between two immiscible liquid phases. 

Generally, the IFT of oil-water interfaces are higher, but the presence of some polar groups in the 

organic liquid might reduce the IFT. For example, IFT of oleic acid is ~15.7 mN m-1, whereas that 

of octanol is ~8.5 mN m-1 (Barnes and Gentle, 2011). The substances stabilised these two 

immiscible phases are called emulsifying agents. 

 
Figure 2.1: Classification of emulsion systems based on dispersed phase and size of liquid droplets. 

The classification of different types of emulsion is mainly based on dispersed phase and size of 

liquid droplets (Figure 2.1). The dispersed phase emulsions are either simple or multiple emulsions. 

The emulsion in which oil is the dispersed phase and water as the continuous phase is called oil-

in-water (O/W) emulsion and vice-versa is called water-in-oil (W/O) emulsion. Multiple emulsions 

are the complex polydispersed systems, where o/w and w/o emulsions exhibit simultaneously 

which are stabilised by the surfactants. These emulsions which comprise two water layers with a 

centre oil layer is water-in-oil-water (W/O/W) emulsion and vice versa is oil-in-water-in-oil 
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(O/W/O) emulsion. Moreover, in macro-emulsions (simple and multiple emulsions), the droplets 

size is 0.2–50 mm, whereas in micro-emulsions it is 0.01–0.2 mm (Eastoe, 2003), respectively. 

Micro-emulsions are thermodynamically stable, clear, isotropic liquid mixtures of oil, water and 

surfactant, frequently in combination with co-surfactant (Sharma and Shah, 1985; Wennerström et 

al., 1997).  

Winsor proposed four types of microemulsions (see Figure 2.1, right most part) based on the 

behaviour of surfactant (Winsor, 1947). In type I, the surfactant is soluble in water and co-exist 

with oil phase to form O/W microemulsion as the bottom layer, and the excess of oil as the upper 

layer. In type II, the surfactant is present in the oil phase and co-exist with aqueous phase to form 

W/O microemulsion as the upper layer, leaving the excess aqueous layer at the bottom. In type III, 

the surfactant co-exist with the aqueous and oil phase, which resulted either in O/W or W/O 

microemulsions at the middle, leaving excess of oil as the upper layer and excess of aqueous layer 

at the bottom. In type IV, there is a formation of single phase (isotropic) micellar solution, due to 

the addition of surfactant and alcohol.    

Pickering emulsions are emulsions stabilised by solid particles, with similar properties to classical 

emulsions stabilised by surfactant, which can be either o/w-, w/o- or multiple emulsions (see Figure 

2.2). So far, the Pickering emulsions have attracted more interest in the field of nanoparticles, as 

they form kinetically stable emulsions through a physical barrier and not by decreasing the tension 

between the phases. In other ways, particles undergo Pickering emulsions via irreversible 

adsorption at the liquid-liquid interface to stabilize emulsions (Rayner et al., 2014; Yang et al., 

2017; Calabrese et al., 2018) . The exchange of particles between the droplets in Pickering emulsion 

is also presented (French et al., 2015). The particles must be small enough for effective Pickering 

emulsion and to regulate the size of the oil droplets, while larger particles will improve steric 

hindrance and prevent coalescence (Aveyard et al., 2003; Kalashnikova et al., 2013; Matos et al., 

2017).  

 
Figure 2.2: Schematics of (a) o/w classical emulsion and (b) o/w Pickering emulsion. 

2.2 Emulsion stability 

Emulsifiers are typically amphiphilic molecules that have both hydrophilic and hydrophobic 

groups on their surfaces, and the nature and effectiveness of the emulsifier influence the stability 

of emulsion. The primary source of attraction between the colloidal particles of similar composition 



2.2 Emulsion stability                                           23 

 
 

 
 

is Van der Waals forces (see Figure 2.3), and emulsion remains stable only when the strong 

repulsive forces counteracts the Van der Waals attraction. Furthermore, interparticle forces existing 

among particles in aqueous phase also includes repulsive hydration/solvation force caused by water 

or other water-interacting molecules adsorbed on the surfaces, attractive or repulsive electrostatic 

force due to ions on the surfaces, and attractive hydrophobic force imposed by hydrophobic 

polymer chains that are anchored to the particle surfaces along with attractive Van der Waals 

forces. However, the attractive and repulsive interactions between the droplets in oil-in-water 

emulsions are determined by the type of emulsifier, i.e. when the attractive interactions dominate, 

the droplets in the emulsion will adhere each other towards coalescence, whereas, if the repulsive 

interactions increases, the droplet remains stable in an emulsion (McClements and Gumus, 2016).  

 
Figure 2.3: Schematics of (a) Van der Waals attraction, (b) electrostatic stabilization (c) steric 

stabilization and (d) depletion stabilization. Schematics of electrosteric stabilization for charged 

and nonionic hydrophilic polymers as well as polyelectrolytes. 

Electrostatic stabilization is attained via the electrostatic repulsion between net surface charges 

caused by ionization of surface atoms, binding of solution ions, and ion exchange between surface 

and solution (McClements and Gumus, 2016). So, the particle will be surrounded by an equal 

number of oppositely charged counterions in the dispersion media to form charge-neutral double 

layers, which provides stability (Schatz et al., 2004). Generally, particles with an electrical double 

layer attain stability by electrostatic or charge stabilization (Hierrezuelo et al., 2010). However, 

with polymeric emulsifier, the stabilization mechanism also includes steric stabilization (particles 
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with adsorbed or chemically attached polymeric molecules) and depletion stabilization (particles

with free polymer in the dispersion medium) as presented in Figure 2.3. The combination of

electrostatic and steric stabilization is called electrosteric stabilization, whereas, the combination 

of steric and depletion stabilization is referred as polymeric stabilization (Barnes and Gentle, 2011).

Oil-in-water emulsions, along with thermodynamic instability, also become physically unstable

due to physiochemical processes such as gravitational separation (creaming/sedimentation),

flocculation, coalescence and phase separation (refer Figure 2.4). This instability is mainly 

dependent on the nature of the emulsifier. 

Figure 2.4: Emulsion instability mechanisms in the emulsion system. 

2.3 Surface-active agents   
The surface-active agents (surfactants) reduce the interfacial tension between the dispersed and 

continuous phase, by orienting the hydrophilic groups towards aqueous phase and the hydrophobic

groups towards oil phase. This forms a layer around the droplets of dispersed phase, which might

be either rigid interfacial film or double electrical layer that prevents the coalescence of the 

droplets. Moreover, the interfacial film can be either mono molecular, multi molecular or solid 

particle films. The emulsifying agents have both hydrophilic part (called head) and lipophilic part 
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(called tail) in their chemical structure, which can be easily adsorbed onto the oil and water 

interface to form stable emulsions. The spontaneity of emulsions mainly depends on the type and

structure of the surfactant. For W/O/W emulsions, at least two surfactants are required, out of which

one is predominantly lipophilic for stabilising the primary O/W emulsion and the other is 

hydrophilic for the secondary O/W emulsion.  

Figure 2.5: Classification of surface-active agents (surfactants) based on polarity of hydrophiles

along with hydrophile-lipophile balance and micelles formation. 

Surfactants mainly acts as wetting agents, emulsifiers, foaming agents and dispersants. They are 

classified on the basis of the molecular composition and the polarity of their head groups, as 

anionic, cationic, non-ionic and amphoteric (zwitterionic) (Oldehhove de Guertechin, 2001). As 
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mentioned in Figure 2.5, the hydrophobic part (tail) is always non-polar, that has no affinity for 

aqueous solvents, whereas, the hydrophilic part (head) always has affinity towards water. Anionic 

surfactants comprised of negative charge head, cationic surfactants comprised of positive charge 

head, and, for non-ionic surfactant there is no charged groups on the head. Moreover, the

amphoteric (zwitterionic) surfactants have both positive and negative charged centres attached to 

the same molecule and so they are pH sensitive.  

In addition to this, gemini-surfactant was introduced, which composed of two identical single chain 

surfactants covalently bonded by a spacer (Menger and Littau, 1991). This type of surfactant is 

generally cationic in nature and used in detergents, cosmetics, paint industry, pharmaceuticals,

textile, enhanced oil recovery and many other branches of life (Brycki et al., 2017). Therefore, in

case of ionic (cationic, anionic and amphoteric) together with a single hydrocarbon chain, 

microemulsion is formed in the presence of co-surfactant and/or electrolyte, whereas, for non-ionic 

and double chain ionics surfactants, co-surfactant is not required (Eastoe, 2003). 

The selection of surfactant/emulsifier mainly depends on its hydrophile-lipophile balance (HLB),

since they consist of hydrophilic and lipophilic groups (Griffin, 1947). The ratio of these groups 

determines the HLB number. For non-ionic surfactants, the HLB values ranges from 0–20, where,

HLB value >10 have affinity towards water (hydrophilic) and HLB value <10 have an affinity for 

oil (lipophilic). For W/O emulsion, the HLB value should be 3.5–6, while for an O/W emulsion it 

should be 8–18 (Barnes and Gentle, 2011).

The self-assemble of surfactant molecules dispersed in a liquid colloid is known as micelle (Bordel 

and Giesecke, 2007). For the water and oil phase, the micelles formation is either direct or 

reverse/inverse (as shown in Figure 2.5). When the hydrophilic head is in the shell and the

hydrophobic tail is pointed in the core region, the obtained segment is known as direct micelles 

(for the oil-in-water micelle), whereas, when the head groups are at the core with tails extending 

out are called as the inverse/reverse micelles (for water-in-oil micelle). The process of forming 

micelle is known as micellization. Sometimes, the solubility of the sparingly soluble substances 

increases in the solution containing micelles, as these molecules gets trapped in the micelles, and

this process is called solubilisation. The lowest concentration at which the formation of micelles 

begins is called as the critical micelle concentration (CMC), or in other way, the CMC is the point 

at which the surfactant molecules aggregates together in the liquid to form micelles. The CMC is 

determined by plotting the graph of surface tension, conductivity or turbidity as a function of

concentration. Despite that, CMC is mainly affected by the solubility of surfactant, but the chain 

length of the hydrophobic groups in the amphiphile, electrolyte concentration, temperature and the 

presence of other polar additives also affecting CMC (Barnes and Gentle, 2011). The CMC 

decreases with the increase in the alkyl chain of the surfactant. Cationic surfactants have slightly 

higher CMC compared to anionic, but for non-ionic, the CMC increases as the polar head becomes

larger. Furthermore, ionic surfactants bearing inorganic counter-ions have higher CMC compared 

to organic counter-ions.  

The surfactants, which are amphiphilic can be used as the oil-spill response in two different ways:

either as dispersing agents, which can break down the oil into small droplets to enhance the natural 
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biodegradability (Lessard and DeMarco, 2000), or as herding agents, which can thicken the thin 

oil slick sufficiently to enable the in-situ burning of the oil (Buist et al., 2011). Their efficacy has 

been demonstrated also in the Arctic oil-spill response using synthetic surfactants. (Belore et al., 

2009; Wang et al., 2013) Hence, in the field of oil spill, there is a major role of surfactants. 

Furthermore, synthetic dispersing agents, such as Corexit 9500 and 9527 (whose main surfactant 

was DOSS), were used during the Exxon Valdez oil spill in Alaska followed by Deepwater Horizon 

in Gulf of Mexico. Despite of their effectiveness, traces of these dispersants in water left negative 

impact on human and marine ecosystem, which had questioned their formulation (Zheng et al., 

2014; Almeda et al., 2014). Consequently, countries such as the United Kingdom, Denmark and 

Sweden have banned the use of the type of synthetic dispersing agents used during Exxon Valdez 

and Deepwater Horizon oil spills. Therefore, nowadays, bio-surfactants or biopolymer-based 

surfactants are focused more than synthetic surfactants for the oil spill response, due to their non-

toxicity, biodegradability and sustainability.  

2.4 Chitosan 

Chitin is the second most abundant natural polymer obtained from cell walls of fungi and 

exoskeletons of various organisms such as crustaceans (e.g. crabs, lobsters and shrimps) and insects 

(Kurita, 2006; Rinaudo, 2006), which is a major source of surface pollution in coastal areas (FAO, 

2016). Therefore, utilisation of leftover chitin would reduce the amount of sea-waste (Yan and 

Chen, 2015). Chitosan is obtained from the deacetylation of chitin (Figure 2.6), and typically the 

degree of deacetylation is >60%. Chitosan is composed primarily of glucosamine or 2-amino-2-

deoxy-β-D-glucose, which is also known as (1→4)-2-amino-2-deoxy-(D-glucose). Moreover, the 

deacetylated amino groups of chitosan undergo protonation and enhance the solubility of chitosan 

in acidic medium (pH < 6.5). However, the biggest challenge is to improve the solubility of 

chitosan at pH > 6.5, as in alkaline condition, it tends to agglomerate and form gels. Hence, the 

solubility of chitosan can be modified by introducing functional moieties into the polymer. Despite 

of chemical modification, the fundamental skeleton remains intact in modified chitosan, which 

retaines the original physicochemical and biochemical properties, and incorporate improved 

properties.  

 
Figure 2.6: Structure of chitin and chitosan. 

Chitosan, because of its abundance, versatility, non-toxicity and biodegradability (Khor and Lim, 

2003), is widely used in the field of biomedicine, cosmetics, pharmaceuticals, and food industry 
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(Shahidi et al., 1999; Majeti, 2000; Suh and Matthew, 2000; Di Martino et al., 2005; Muzzarelli, 

2009; Dash et al., 2011) as a biomaterial as well as in wastewater treatment (Guibal, 2004; Crini 

and Badot, 2008; Bhatnagar and Sillanpää, 2009; Ngah et al., 2011) as a sorbent. Generally, the 

oily wastewater is in complex acidic, alkaline or saline-conditions, and, therefore, it might be 

challenging to develop material for the removal of oil from the water in such a complex 

environment. Chitosan has many hydrophilic sites (hydroxyl and amine groups) and randomly 

distributed limited hydrophobic sites (acetyl amine groups) (Klinkesorn, 2013). The surface-active 

functional groups of chitosan can be modified by various methods (refer Figure 2.7), such 

carboxyalkylation, acylation, alkylation, cross-linking, grafting, ionic-gelation, etc. to produce 

particles, beads, microspheres, aerogels, hydrogels, foams and membranes. These materials can be 

effectively used for the oil spill treatment. 

 
Figure 2.7: Schematic representation of various methods for the modification of chitosan. 

Ionic gelation of chitosan with reticulating agent (sodium tripolyphosphate, STP) was formed 

between the amino groups of chitosan and negatively charged phosphate ions and successfully used 

to remove oil from the water at acidic pH (Grem et al., 2013). Although such type of ionic cross-

linking is non-toxic, the reverse reaction might degrade the chitosan backbone. Simultaneously, 

the aggregation of STP-linked chitosan in neutral and alkaline solutions, limit its potential for 

surfactant application. On the other hand, the covalent cross-linking agents (i.e. glutaraldehyde, 

epichlorohydrin) improve its stability by preventing the dissolution of crosslinked material in 

acidic solutions. The aldehyde ends of glutaraldehyde crosslink with amine moieties of chitosan to 

form imine via Schiff’s base reaction, whereas the epichlorohydrin (ECH) crosslink with hydroxyl 

moieties of chitosan. Although the amino groups were eliminated in ECH-crosslinked chitosan, the 

Glu-crosslinked chitosan was more effective than ECH-crosslinked chitosan in the removal of oil 

from water, because of its molecular mass and charge density (Farias et al., 2015). Despite of 
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effectivity, the toxic characteristics of the above described materials restrict their applicability, and 

hence, introducing oppositely charged moieties into the polymer is more practical for the oil spill 

applications.    

Introducing carboxyl group onto the backbone of chitosan macromolecule through 

carboxyalkylation enhance the solubility of chitosan even at neutral and alkaline pH. In the 

carboxymethylation of chitosan (Chen et al., 2003; Chen and Park, 2003; Kalliola et al., 2016), the 

alkaline medium attributed in the swelling of chitosan for better diffusion of chloroacetate ion into 

its structure, and alcoholic medium facilitates the reaction (Paper I-II). The reactive functional 

groups (hydroxylic and amino groups) on the backbone, make chitosan a charged biopolymer, 

which via electrostatic attraction is capable of adsorbing oppositely charged emulsion droplets. 

However, the formation of protonated amino groups enhanced the solubility of chitosan in acidic 

solutions (Bée et al., 2017). This variable functionality of amino groups at a different pH tends to 

form aggregates through the hydrogen of amino groups and hydrophobic interaction, and hence, 

can be used as an emulsifier to stabilise oil-in-water emulsions (Aranaz et al., 2010; Colombo et 

al., 2015). However, the emulsion stability depends on the hydrophilicity and hydrophobicity of 

the modified chitosan. 

Amphiphilic chitosan consists of polar and non-polar groups with its structure, where the polar part 

shows its affinity towards the aqueous phase and non-polar towards oil phase. Hydrophobic moiety 

was introduced onto the chitosan backbone either by alkylation, acylation, or grafting, which 

mainly interact with amino groups of chitosan. It has been observed that hydrophobically modified 

chitosan stabilised marine diesel (Paper II and Paper IV) and crude oil emulsions (Venkataraman 

et al., 2013) with saline water. Furthermore, the longer hydrophobic chains and the larger 

hydrophilic groups in amphiphilic copolymers, supports the enhancement of the micelles stability 

(Li et al., 2011). Therefore, amphiphilic chitosan can be used as a surfactant, either in the form of 

dispersing agent or herding agent. Furthermore, to expand the applicability and to minimise the 

hazardous effects/toxicity of chemicals in the marine ecosystem, a new approach of using bio-

based blends have also developed. Recently, chitosan-based bio-polymeric blends (Fouad et al., 

2016) and magnetic nanoparticles (Zhang et al., 2017; Soares et al., 2017) have also been studied 

for the removal and/or separation of oil from water resources. Chitosan-based materials used for 

the oil spill treatment are presented in Table 2.1. However, there are not much studies existing 

about the interactive chemistry between the modified chitosan in sodium form and oils for the oil 

spill treatment.   

Table 2.1: Different form of chitosan-based materials used for the oil spill treatment 

Materials (Method) Oils Observations References 

Biomass- M.Rouxii having 

32.7% chitosan (Shaking 

flask method) 

Mineral oil 

Vegetable oil 

Cutting Oil 

77.2 mg g-1 (77%) 

95.5 mg g-1 (93%) 

84 mg g-1 (84%) 

(Srinivasan and 

Viraraghavan, 

2010)  

H-Oleoyl-Carboxymethyl 

chitosan 

Wastewater of oil 

extraction 

>95% residual oil 

adsorption 

(Sun et al., 

2010)  
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(Carboxymethylation and 

acylation) 

Chitin  

Chitosan 

(Powder form) 

Toluene 1.6 mg g-1 

2.2 mg g-1 

(Mohamed and 

Ouki, 2011)  

Chitosan based 

polyacrylamide 

hydrogel (Graft 

Polymerization) 

Crude oil 2.3 g g-1 (Sokker et al., 

2011)  

Octyl carboxymethyl 

chitosan 

(Carboxymethylation, 

acylation and reduction) 

Waxy Crude oil 

Fresh asphaltenic 

oil 

Dispersion efficiency is 

90% and 53% 

 

(Al-Sabagh et 

al., 2012)  

Chitosan microspheres 

(Crosslinking with STP) 

Oil in water 

effluents of oil 

industry 

90% removal (Grem et al., 

2013)  

Copper mesh coated with  

CS-PVA-GA (Immersing) 

Hexane >99.0% separation 

efficiency 

(Zhang et al., 

2013)  

Chitosan flakes 

Chitosan powder 

Crude Oil ~0.379 g g-1 

~0.281 g g-1 

(Barros et al., 

2014)  

Stainless Steel (SS) with 

CTS-PFO/SiO2 (Gun 

spraying) 

Hexadecane >99.0% separation (Yang et al., 

2014)  

Aerogel membrane from 

Chitosan, Agarose, and 

Genipin (Blending + 

Lyophilization) 

Bio-diesel, 

Oil-spill 

wastewater 

>99% pure water (Chaudhary et 

al., 2015)  

Blends of poly (vinyl 

alcohol) nanoparticles with 

chitosan (Emulsion 

polymerization) 

Toluene 

Kerosene 

Hydraulic oil 

48.7 g g-1 

39.3 g g-1 

22.7 g g-1 

(Fouad et al., 

2016)  

Chitosan grafted with n-

butyl acrylate 

(Copolymerization 

grafting) 

Gasoil 

Mobil-1 oil 

Light crude oil 

Heavy Crude oil 

~45% 

~60% 

~75% 

~80% 

(Mohy Eldin et 

al., 2016)  

Stainless Steel (SS) coated 

with CS-SiO2-GA 

composite (Spraying) 

Gasoline 

Rapseed oil 

Petroleum Ether 

Toluene 

Bean Oil 

>99.0% separation 

efficiency 

(Liu et al., 2016)  

Chitosan-silica hybrid 

(Sol-gel encapsulation) 

Toluene, 

Cyclohexane 

>90% removal efficiency (Soares et al., 

2017)  
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n-heptane 

Chloroform 

Hydrophobically modified 

carboxymethyl chitosan 

(Carboxymethylation, 

alkylation and reduction) 

Dodecane pH switchable 

emulsification from free 

flowing to gel-like 

(Kalliola et al., 

2018)  

Engineered clay from the 

mixture of kaolinite and 

chitosan (Carbonization) 

Anadarko crude 

oil 

Biodegradation of stable 

oil-in-seawater 

emulsions by alkane-

degrading organism 

Alcanivorax 

borkumensis. 

(Omarova et al., 

2018)  
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3 Materials and Methods 

3.1 Synthesis of Chitosan-based surface-active materials  

Carboxymethylation, acylation and cross-linking methods were used for the preparation of 

chitosan-based surface-active materials. Three different types of chitosan, such as chitosan from 

crab shells (Ch-A, Paper I), chitosan from shrimp shells (Ch-B, Papers II and IV) and chitosan 

having high molecular weight (Ch-C) Paper III) were used for synthesising the materials. The 

scheme of the synthesis is shown in Figure 3.1 below. 

 
Figure 3.1: Synthesis of chitosan-based surface-active materials. The modification of functional 

groups is marked in red. The reagents used during the synthesis are marked in green. 

3.1.1 Synthesis of N,O-Carboxymethyl chitosan 

Carboxymethyl chitosan was synthesized using chloroacetic acid in hydro-alkaline reaction 

medium. Typically, Ch-A (5 g) was mixed with NaOH (5 g), IPA (40 ml) and water (100 ml) for 
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1 h at 50°C. After which chloroacetic acid in IPA (7.5 g in 10 ml) was added dropwise to it for 30 

min and stir for 4 h at 50°C. Then after ethanol (70%, 100 ml) was added and washed with 70–

90% ethanol. The product (Na-CS) was dried overnight at room temperature (RT). Na-CS (2 g) 

was mixed with ethanol (80%, 200 ml) and HCl (37%, 20 ml) for 1 h. The solid product was washed 

with 70–90% ethanol and dried overnight at RT. The final product is N,O-Carboxymethyl chitosan 

(NO-CS) (Paper I). 

3.1.2 Synthesis of sodium salt of oleoyl carboxymethyl chitosan 

The synthesis of carboxymethyl chitosan (Na-CSb) is quite similar as described in section 3.1.1 

with some modification. Typically, Ch-B (4 g) was mixed with NaOH (5.6 g), IPA (96 ml), and 

water (24 ml) at 50-55°C for 1 h.  To this mixture, chloroacetic acid (6 g) dissolved in IPA (8 ml) 

was added over a period of 30 min, and the stirring was continued for 3 h at the same temperature. 

Then after (70%, 50 ml) was added and washed with 70–90% ethanol. The product (Na-CSb) was 

dried overnight at RT. Na-CSb (2.3 g) was soaked in acetone (10 ml) for 1 h at 5°C, after which 

oleoyl chloride (2.6 ml) dissolved in acetone (2.6 ml) was added along with 4M NaOH solution 

(10 ml) to the reaction mixture dropwise over a period of 30 min. Then after acetone (20 ml) was 

added and the reaction was continued for 3 h with same temperature. Finally, ethanol (70%, 60 ml) 

was added, and the washing and drying was performed as per the procedure mentioned in section 

3.1.1. The final product is sodium salt of oleoyl carboxymethyl chitosan (NaO-CS) (Paper II). 

3.1.3 Synthesis of sodium form of carboxymethyl glutaraldehyde cross-linked chitosan 

Carboxymethyl chitosan (Na-CSc) was synthesized as per method described in section 3.1.1. Here 

high molecular weight chitosan (Ch-C) was used instead of Ch-A. The obtained Na-CSc (1 g) was 

mixed with glutaraldehyde solution (10%, 30 ml) and stirred for 30 min at RT. The product was 

washed with water and dried at RT for overnight. The obtained product is sodium form of 

carboxymethyl glutaraldehyde cross-linked chitosan (NaCS-GL) (Paper III). 

3.1.4 Synthesis of orange peel combined carboxymethyl chitosan and its hydrophobic 

derivative 

The details about the synthesis route for the powdered orange peels combined carboxymethyl 

chitosan and its hydrophobic derivatives cross-combination of chitosan with orange peel powder 

(Paper IV) has been mentioned in Figure 3.2. Orange peels were washed and dried at RT for 48 h. 

These dried orange peels were ground with tubemill and again dried for 24 h at 60°C giving the 

product OP-D. For the Blend, equal portions of OP-D and NaO-CS (Paper II) were mixed. For 

hydrophobically modified carboxymethyl chitosan-orange peels (CSOP-A), the mixture of Na-CS 

(1.2 g) (Paper II) and OP-D (1.1 g) was soaked in acetone (20 mL) for 1 h at 5°C. To this mixture, 

lauroyl chloride in acetone (1:1, 2.6 mL each) and NaOH solution (4 M) were added simultaneously 

after 30 min, and mixed continuously for 4 h at the same temperature. Ethanol (70%) was then 

added to the reaction mixture. The obtained solid was washed three times with ethanol (70–90%), 

dried overnight at RT and ground with tubemill. This obtained dried solid is CSOP-A (Paper IV). 
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Figure 3.2: Synthesis of the Blend and CSOP-A along with the structural and functional change. 

3.1.5 Synthesis of hydrophobically modified orange peel 

In the synthesis of hydrophobically modified powdered orange peels (OP-A), OP-D (2.3 g) and 

acetone (20 mL) were mixed at 5°C for 1 h. To this mixture, oleoyl chloride in acetone (1:1, 2.6 

mL each) and NaOH solution (4 M) were added simultaneously after 30 min, and mixed 

continuously for 4 h at the same temperature. Ethanol (70%) was then added to the reaction 

mixture. The obtained solid was washed three times with ethanol (70–90%), dried overnight at RT 

and ground with tubemill. This dried and ground solid is OP-A. 

3.2 Characterisation  

The degree of deacetylation (DDA) of chitosan was determined by acid-base titration. Briefly, 0.1 

g of chitosan was dissolved in 25 ml 0.1 M HCl solution and titrated against 0.1 M NaOH solution 

using methyl red as an indicator. For blank reading, the same titration was performed without 

addition of chitosan. The DDA was calculated (Paper I) as follows: 

 

𝐷𝐷𝐴 =
(𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑉𝑢𝑠𝑒𝑑)∗0.162∗𝑁∗100

𝑊∗(1.00−𝐿𝑂𝐷)
                                                                        (3.1)  

 

where Vinitial (ml) is the volume of NaOH used in blank titration, Vused (ml) is the volume of NaOH 

used in sample titration, N is the molarity of NaOH, W (g) is the weight of sample, LOD is the loss 

on drying in chitosan sample. 
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Two different approaches were considered for the calculation of degree of substitution (DS). In the 

first approach, DS was calculated by the first order differential method using potentiometric 

titration mentioned in equation 3.2 as follows (refer Paper I for more details):  

 

𝐷𝑆 =
(𝑉2 − 𝑉1)∗𝐷𝐷𝐴

(𝑉3 − 𝑉2)
                                                                                                       (3.2)  

 

Where V1, V2 and V3 are the volumes of NaOH for neutralization of excess of HCl, followed by 

deprotonation of carboxylate ion and then deprotonation of ammonium ion, respectively.  

 

In the second approach, DS was calculated from the CHNS elemental analysis using equations 3.3 

and 3.4 as follows (refer Paper II for more details ): 

 

𝐷𝑆1 =  
(

𝐶

𝑁
)𝑁𝑎−𝐶𝑆−(

𝐶

𝑁
)𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑛𝑜.  𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑁𝑎−𝐶𝑆
                                                        (3.3)  

 

𝐷𝑆2 =  
(

𝐶

𝑁
)𝑁𝑎𝑂−𝐶𝑆−(

𝐶

𝑁
)𝑁𝑎−𝐶𝑆

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑛𝑜.  𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑁𝑎𝑂−𝐶𝑆
                                                      (3.4)   

 

Where DS1 and DS2 are the degree of substitution of Na-CS and NaO-CS, respectively. C/N are 

the mol. ratio of carbon to nitrogen obtained from CHNS analysis.  

Surface morphology of chitosan and its derivatives were studied by scanning electron microscopy 

(SEM) analysis using Hitachi SU3500 at an accelerating voltage of 10kV. Elemental distribution 

and composition were examined by EDS (Thermo Scientific UltraDry SDD EDS, dual detector 

with Software NSS at 15.0 kV accelerating voltage using Aluminium sample holder) and CHNS-

Elemental Analyzer (Thermo Flash 2000 using tin sample holder). The Brunauer-Emmett-Teller 

(BET) surface area of chitosan and its derivatives was determined by nitrogen (N2) adsorption-

desorption method at 77.35 K using Micromeritics Tristar II plus instrument. The samples were 

degassed using Vac Prep 061 degassing unit with nitrogen at 30 °C for 18 h prior to the 

measurements. The total pore volume and average pore diameter were determined by the amount 

of nitrogen adsorbed at the relative pressure of 0.95 and BET (4V/A), respectively (Paper II-IV).  

The functional group changes in chitosan and its derivatives were investigated using FTIR (ATR-

FTIR, Bruker Vertex 70 model) in the range of 400 to 4000 cm-1 with a resolution of 4 cm-1 for 60 

scans. Samples were measured without any further treatment (Paper I-IV). For 1H NMR 

measurements, samples were dissolved in D2O containing 0.7% of DCl and placed in 5 mm NMR 

tubes. The 1H NMR spectra were recorded by using Bruker Ascend 400 MHz spectrometer and 

standard proton parameters with the delay time (d1) of 6 s at 70 oC (Paper I-II). 1H NMR spectrum 

was recorded with a Bruker Avance III spectrometer operating at 500 MHz for protons. Samples 

were dispersed in deuterium oxide doped with 1 m-% deuterated trifluoric acid and measured at 

room temperature (Paper IV). XRD patterns were recorded on a PANalytical X-ray diffractometer 

using Co Kα radiation (λ = 1.790 Ȧ) operated at 40 kV and 40 mA in the 2θ range of 5–60° (Paper 

IV).  
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The zeta potential of chitosan-based materials was studied using Malvern Zetasizer (Nano ZS, 

Malvern UK) at 25.0 ± 0.1 °C. The presence of free amino groups in carboxymethylated chitosan 

was determined through potentiometric titration of 0.25% of chitosan solution (acidic) with 0.01M 

NaOH. The pH was measured by InoLab pH meter (WTW, calibrated before use). Moreover, the 

carboxylic acid content was determined by conductometric titration of 0.25% of chitosan solution 

(acidic) with 0.01M NaOH. The conductivity was measured using InoLab_IDS Multi 9310P 

equipment (WTW, Germany) and the amount of carboxylic acid content TCA (mmol g-1) was 

determined using equation 3.5 as follows (Paper III): 

𝑇𝐶𝐴 =
𝐶 ∗ 𝑉

𝑊
                                                                                                                    (3.5)                                        

   

where C (mmol L-1) is the concentration of NaOH, V (L) is the NaOH volume to neutralize the 

carboxylate group and W (g) is the weight of sample.  

3.3 Oil and its properties  

The constituents of crude oil are saturates, aromatics, resins, and asphaltenes, in which light crude 

oil contains a higher percentage of saturated hydrocarbons and aromatics, while heavy oil contains 

more resins and asphaltenes (Fan and Buckley, 2002). Diesel fuel being a refined petroleum 

product, consists of either branched and/or linear hydrocarbon from C8-C26, whereas, marine 

diesel and diesel contains about 1.2% and 2% of polyaromatics, respectively. Marine 2T-oil being 

a petroleum distillate, consist of hydrocarbons, C11-C14, n-alkanes, isoalkanes, cyclics, solvent-

dewaxed heavy paraffinic and polyaromatics (Neste, 2017). A small amount of diesel spills will 

usually evaporate and disperse naturally within a day or less, whereas, marine diesel persists longer 

when spilled. On the other hand, marine 2T-oil can easily react with water forming a creamy layer. 

Moreover, the behaviour of oil fluctuates with respect to environment, in which the oil spill had 

occurred. The details about the oils used during the studies is mentioned in Table 3.1. 

In Arctic cold conditions, for example, the natural weathering process, such as evaporation and the 

biodegradation rate reduces resulting in increased oil viscosity (Wang and Fingas, 2003). Brandvik 

et al. demonstrated that the difference in oil film thickness affected the evaporation process, i.e. the 

evaporative loss for open water, lighter ice coverage and heavier ice coverage were about 30%, 

25%, and 19%, respectively (Brandvik and Faksness, 2009). Hence, the climatic conditions and 

nature of oil plays a significant role in the oil spill response techniques.  

Table 3.1: Physiochemical properties of oils. 

Type of oil Grade Density at 15°C Viscosity at 40°C Colour 

Marine diesel Winter grade 828 kg m-3 1.846 mm2 s-1 Pinkish red 

Diesel Summer grade 803 kg m-3 2.1 mm2 s-1 Colourless 

Marine 2T-oil - 872 kg m-3 8.5 mm2 s-1 Green 
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3.4 Emulsion experiments using water soluble/amphiphilic chitosan materials  

3.4.1 Experimental setup 

During the studies, different types of oils were used for performing emulsion experiments. The 

details about the experimental parameters are mentioned in Table 3.2. The oil to water ratio was 

1:10 (v/v) throughout the studies. The solution containing chitosan-based material along with oil 

and water were mixed at 2000 rpm for 30 seconds using vortex mixture (VWR International) to 

form the o/w emulsion.  

Table 3.2: Details about the experimental parameters for the emulsion experiments. 

Material Water Oil Experiments Parameters Paper 

NO-CS Deionised 

water 

Marine diesel 

Diesel Marine 

2T-oil 

Dosage 

pH 

Salinity 

0–5 g L-1 

1–1.5 g L-1 (pH 3–9) 

1–1.5 g L-1 (0–3.5% salinity) 

I 

NaO-CS 

 

Deionised 

and 

seawater 

Marine diesel Dosage 

pH 

Salinity 

Temperature 

0–3 g L-1 

1 g L-1 (pH 5–8) 

1 g L-1 (0–3.5% salinity) 

RT and 2 °C 

II 

OP-D 

Blend 

CSOP-A 

Deionised 

and 

seawater 

Marine diesel 

Marine 2T-oil 

Dosage 

pH 

Salinity 

Temperature 

0–2.5 g L-1 

2 g L-1 (pH 3.5–10.5) 

2 g L-1 (0–4% salinity) 

RT, 2 °C and -20 °C 

IV 

 

 

After mixing, these solutions were rested for a day to evaluate the stabilization rate, i.e. the 

emulsion formation rate, as defined in the equation 3.6. The amount of separated oil was measured 

simultaneously to determine the coalescence rate (see equation 3.7) of oil after mixing and resting. 

𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) =  
𝐶𝑖−𝐶𝑠

𝐶𝑠
∗ 100   (3.6) 

 

𝐶𝑜𝑎𝑙𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑟𝑎𝑡𝑒 (%) =  100 − (
𝐶𝑖−𝐶𝑠

𝐶𝑠
∗ 100)   (3.7) 

 

where Ci (g) and Cs (g) are the initial amount of oil taken and the separated amount of oil collected 

after mixing and resting, respectively. 

 

Firstly, the oil droplet size in o/w emulsion was measured immediately after mixing using optical 

microscope (Zeiss Axio using 206 the camera unit Axio CamERc5s by ZEN software). Then, the 

o/w emulsion was allowed to saturate and oil droplet size and stability of emulsion was studied 

periodically for about six weeks. The oil droplets size was also measured by laser diffraction 

particle size analyzer (Malvern Mastersizer 3000 with Hydro SV unit, UK). The mean droplet 

diameter at D[4,3] was taken from five replicate measurements as the volume mean diameter, and 

the magnitude of the droplet size distribution is expressed by the span, defined in equation 3.8: 
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𝑆𝑝𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 =  
{(𝐷𝑥(90)) − (𝐷𝑥(10))}

𝐷𝑥(50)
                                                                                (3.8)  

 

where Dx(10), Dx(50), and Dx(90) are the equivalent volume diameters at 10%, 50%, and 90% 

cumulative volume, respectively.  

 

3.4.2 Quality of oil after removal and recovery  

Even though the recovery of oil from the emulsified water has a significant value, it is always being 

challenging for the oil spill response. For these studies, emulsified layer formed using NaO-CS on 

the water surface was collected. To this collected layer, 10 ml of calcium chloride dihydrate 

solution (0.1%) was added and the mixtures were kept for 1 h to stabilise naturally. These 

experiments were performed at RT, and the separated oil was collected and weighed. The recovery 

of oil was calculated using equation 3.9. 

 

𝑅% = 100 −  (
𝐶𝑖− 𝐶𝑟

𝐶𝑖
∗ 100)                                                                                            (3.9)  

 

where Ci (g) and Cr (g) are the initial and recovered amount of oil.  

 

The recovered oil was characterised using FTIR and GC-FID. The detailed GC parameters are 

mentioned below in Table 3.3. 

 

Table 3.3: GC parameters for measuring the quality of oil before and after recovery. 

Column VF-5ht Fused Silica (15 m x 0.32 mm x 0.10 µm) 

Liner Split (Split ratio – 100:1) 

Inlet Temperature  50 °C 

Carrier H2, 9.0 psi 

Oven 50 °C (1 min), to 180 °C (at 15 °C/min), to 230 °C (at 7 °C/min), 

to 380 °C (at 30 °C/min) 

Injection 1 µL injection in hexane (0.1 mL/mL)  

Detector FID, 350°C 

Standard used C7 - C40 Saturated Alkanes, 1,000 mug/mL each component in 

hexane  

 

The Ca-crosslinked NaO-CS was collected, dried and characterised using FTIR and SEM. 

 

3.4.3 Water quality after the removal of oil  

The determination of surfactant traces in the water resources after the removal of oil is an important 

factor for the marine ecosystem. For this study, the top oil layer (either emulsified or separate oil) 
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was removed and the aqueous layer was collected and tested using the NPOC method (TOC 

Analyzer, Shimadzu) in order to determine the amount of adsorbent traces in the water (Paper IV). 

3.5 Adsorption experiments using NaCS-GL  

In addition to the removal of oil, the removal of other pollutants such as dyes and divalent metal 

ions from water using chitosan derivatives was also studied. The details about the experimental 

parameters are mentioned in Table 3.4. The concentration of dyes and metal ions for the adsorption 

studies was 20 mg L-1. These solutions along with NaCS-GL were shaken at 100 rpm, and then 

filtered through 0.45 μm polypropylene membrane filters. The MB, SaO and Tart concentrations 

were measured by Lambda 45 UV/VIS Spectrometer (Perkin Elmer, USA) at λmax = 664, 520 and 

430 nm, respectively. The Pb(II) and Cd(II) concentrations were measured by ICP (Agilent 5110 

ICP-OES) (Paper III).  

 

Table 3.4:  Details about the experimental parameters for adsorption experiments. 

Pollutants Experiments Parameters Paper 

Methylene blue (MB) 

Safranin O (SaO) 

Tartrazine (Tart) 

Dosage 

pH 

0–2.5 g L-1 

0.8 g L-1 (pH 2–12) for dyes 

2.0 g L-1 (pH 2–8) for metal ions 

III 

Pb(II) ions 

Cd(II) ions 

Kinetics 

Isotherms 

Thermodynamics 

0.8 g L-1 (with initial pH for MB and SaO, 

pH < 3 for Tart) and 2.0 g L-1 (with initial 

pH for metal ions) 
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4 Results and discussions 

Chitosan is a multi-nucleophilic polymer due to the presence of hydroxyl and amino groups onto 

glucosamine backbone. The chemical modification improves the properties of chitosan by keeping 

the fundamental skeleton of chitosan intact. For example, introducing carboxymethyl moiety onto 

the surface of chitosan enhances its solubility, which makes this derivative hydrophilic. Similarly, 

the addition of hydrophobic moiety (long chain hydrocarbon) makes this derivative amphiphilic, 

and widens its effectivity in a pH range.   

4.1 Characterisation of chitosan-based materials  

The characterisation of chitosan and its synthesised derivatives determines the nature of 

physiochemical properties before and after modifications. 

4.1.1 Degree of deacetylation, degree of substitution and elemental composition 

The process of deacetylation involves the removal of acetyl groups from the molecular structure of 

chitin, leaving behind the amino groups in the polysaccharides. Moreover, the degree of 

deacetylation (DDA) of each form of chitosan (Ch-A, Ch-B and Ch-C) slightly differs from each 

other (see Table 4.1), since the monomer units in different forms of chitosans are not identical.   

Depending on the reaction conditions of carboxymethylation, there is a selectivity substitution site 

for N- versus O- carboxymethyl chitosan derivative. Despite of the enhanced water solubility of 

carboxymethyl chitosan, changing reaction conditions such as concentration of NaOH and 

monochloroacetic acid, and reaction time, the solubility was altered due to selectivity of the 

substitution site. Hence, the degree of substitution (DS) places a significant role in the properties 

of carboxymethylchitosan. The calculated values of DS are presented in the Table 4.1. 

There were two outcomes for DS, first, increasing ratio of water/IPA in the reaction mixture, 

steeped down the fraction of chloroacetate ions, which, either aggregated the acetylation chain 

segments or thermal drying led to amide formation. This resulted in decrease of DS, which led to 

decrease in the solubility of NO-CS at higher pH (Paper I). Whereas, the second outcome reflects 

that decreasing the water/IPA ratio and increasing the alkaline concentration during 

carboxymethylation process, increased the fraction of chloroacetate ions and enhanced the DS 

(Paper II).  

 

The elemental composition of chitosan and modified chitosans are shown in Table 4.1. The C/N 

ratio had increased from chitosan to modified form of chitosan, indicating the addition of carbon 

to the chitosan structure. The presence of sodium in the EDS results of chitosan derivatives (such 

as Na-CSb, NaO-CS, Na-CSc, Na-CS-GL, Blend and CSOP-A), and not in chitosan, confirms that 

the synthesised derivatives were in the sodium form. 
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Table 4.1: Degree of deacetylation, degree of substitution and elemental composition of 

unmodified and modified chitosan (Paper I-IV). 
 Ch-A NO-CS Ch-B Na-CSb NaO-CS Ch-C Na-CSc NaCS-GL Blend CSOP-A 

DDA 

(%) 

74 - 80 - - 82 - - - - 

DSa - 0.40 - - - - - - - - 

CHNS Elemental analysis (Wt%) 

C - - 40.26 27.73 34.98 40.38 39.82 40.85 29.67 32.86 

N - - 7.85 3.30 1.99 6.86 6.02 4.71 0.43 1.10 

H - - 6.05 2.39 5.20 6.41 6.88 5.56 4.12 5.08 

O - - - - - 41.49  30.62 36.71 33.06 

C/N - - 5.13 8.40 17.61 5.89 6.61 8.67   

DSb - - - 1.63 0.51 - 0.36 0.41 - - 

EDS Elemental analysis (Wt%) 

CK 57.3 50.4 47.1 29.0 36.7 45.1 45.31 54.5 65.79 58.65 

NK 16.0 7.8    13.0 8.19 9.0 -  

OK 24.2 28.0 40.4 42.8 39.4 41.7 14.45 34.4 19.61 17.76 

NaK - - - 23.4 22.4 - 1.63 1.7 7.92 19.22 

ClK - 13.8 0.1 4.8 1.0 0.1 - - 3.35 3.32 

AlK 2.6 - 0.1 - 0.6 0.2 2.49 0.1 -  

AgL - -     27.35 - -  

DSa and DSb are the degree of substitution calculated by titration method and C/N ratio by elemental 

analysis, respectively. Na-CSb and Na-CSc are the sodium salt of carboxymethylchitosan obtained 

from chitosan (shrimp shells) and chitosan (high molecular weight), respectively. 

4.1.2 Surface morphology 

The surface morphology of chitosan before and after modification was determined by SEM as 

presented in Figure 4.1. Figures 4.1a-c shows that the surface of chitosans were smooth, and 

Figures 4.1d-i shows that modification had enhanced the surface roughness of these modified 

chitosans. Moreover, the surface texture vary in Figures 4.1d-f due to different reaction mixture in 

the carboxymethylation process. There was a slit-like formation on the surface of NaO-CS after 

acylation (see Figure 4.1g), which enhanced surface roughness of NaO-CS compared to Na-CS 

(Figure 4.1e). Similarly, the surface roughness of Na-CS (Figure 4.1f) was enhanced in Na-CS-GL 

after glutaraldehyde crosslinking (Figure 4.1h). Since the Blend is the mixture of NaO-CS and 

orange peel, the surface of the Blend (Figure 4.1i) also has a similar slit-like formation as NaO-

CS.  

Even though the surface roughness of Na-CS was more than that of chitosan, the surface area and 

porosity dropped down due to the carboxymethylation. The BET surface area, pore volume and 

average pore diameter of chitosan from shrimps shells was 0.59 m2/g, 0.0006 cm3/g and 41.63 Å, 

respectively. After attachment of the long hydrocarbon chain, these results were 0.36 m2/g, 0.0011 

cm3/g and 120.49 Å, respectively in NaO-CS (Paper II). The surface porosity in Na-CS-GL was 

increased after glutaraldehyde crosslinking (Paper III). The BET surface area of OP-D, CSOP-A 

and Blend was 0.09 m2/g, 0.39 m2/g and 0.34 m2/g, respectively (Paper IV). This shows that 
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combining OP-D with chitosan derivatives enhances the surface structure of CSOP-A and Blend, 

so they were rougher and more porous than OP-D. The results are in a good agreement with the 

SEM results. Thus, the results shows overall enhancement in the BET surface area of modified 

chitosan by making the surface more porous. 

 
Figure 4.1: SEM images of chitosan (a) from crab shells (b) from shrimps shells and (c) having 

high molecular weight, (d) N,O-carboxymethyl chitosan obtained from crab shells chitosan, Na-

CS after carboxymethylation (e) obtained from shrimp shells chitosan and (f) obtained from 

chitosan having HMW, (g) NaO-CS, (h) Na-CS-GL, and (i) Blend. All the images except (f), (h) 

and (i) were taken at accelerating voltage of 10 kV with the scale bars of 200 µm and magnification 

of x500. SEM images of (f), (h) and (i) were taken at accelerating voltage of 30 kV with the scale 

bars of 10µm and 200 µm and magnification x3.00K, x4.00K and x250, respectively. 
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4.1.3 Spectroscopic analysis 

FTIR analysis 

Table 4.2 summarises the FTIR characteristic bands of the studied chitosan and its synthesised 

derivatives. The presence of the bands corresponding to the amide/ester bonds and carboxyl groups 

in the prepared materials indicated the successful carboxymethylation onto the chitosan surface 

(Paper I-IV). Moreover, the characteristic band of oleoyl chains and amide in NaO-CS confirmed 

the attachment of oleoyl moiety to primary amine of the carboxymethylated chitosan (Paper II).   

 

Table 4.2: FTIR characteristic bands of chitosan and modified-chitosan derivatives (Paper I- IV). 

Materials Band (cm-1) IR vibration interpretation 

Chitosan 3288-3352 O-H and N-H bonds, axial stretching 

 2870 C-H bonds, axial stretching 

 1650 C=O of the secondary amide (amide I), stretching 

 1585 N-H bending of 2-aminoglucose units 

 1150-897 C-O and C-O-C of the polysaccharide chain 

NO-CS 3301 O-H and N-H bonds, axial stretching 

 1734 C=O in the –COOH, symmetric stretching 

 1249  C-O in CH2COOH, stretching vibration 

Na-CSb 1724 Acid C=O, stretching 

 1589 C=O of –CH2COONa asymmetric stretching  

 1416 C=O of –COONa symmetric stretching 

NaO-CS 3279 Secondary N-H bond 

 2920, 2850, 1442 C-H stretching of oleoyl chains 

 1560 N-H (amide II) 

CSOP-A 3400 –OH stretching 

 2925, 2850 C-H stretching 

 1564 Imine bond (C=N) 

Blend 1733 –COO– stretching 

 1589 –NH– group 

 1016 C-O group 

 1150-850 C-O, C-C and C-O-C of the polysaccharide chain 

having glycosidic bond and pyranoid ring 

OP-D 1733 –COO– stretching 

 1635 C=C stretching 

 1150-850 C-O, C-C and C-O-C of the polysaccharide chain 

having glycosidic bond and pyranoid ring 

 
1H NMR analysis 

The 1H NMR spectra of chitosan and NO-CS (from Paper I), and, Na-CSb and NaO-CS (Paper II) 

are presented in Figure 4.2 (Note: refer Paper I and Paper II for magnified images). 
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Figure 4.2: 1H NMR spectra of (a) Ch-A, (b) NO-CS, (c) Na-CSb, (d) NaO-CS, (e) OP-D, (f) Blend 

and (g) CSOP-A. 

The spectrum of NO-CS (Figure 4.2a) showed the same characteristic proton signals as can be seen 

in chitosan spectrum (Figure 4.2b). Two new signals at 3.78 and 4.61 ppm which are assigned to 

N-CH2- and -O-CH2- protons at 2- and 6-positions, respectively, revealing that both the amino and 

hydroxyl groups are partly carboxymethylated in NO-CS, which was in good agreement with FTIR 

interpretation. The spectrum of Na-CSb (Figure 4.2c) shows the similar characteristic proton 

signals as can be seen in NO-CS from our previous studies (Paper I). Moreover, the two peaks at 

4.63 and 4.71 ppm are most likely the signals of -O-CH2-CO- protons, which got overlapped with 

the peak of D2O. The spectrum of NaO-CS (Figure 4.2d) shows the successful attachment of oleoyl 

substituent to Na-CSb via amide linkage.  
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In the 1H NMR spectrum of OP-D (Figure 4.2e), the signals at ~0.8–1.7 ppm are originating from 

the fatty components and the signals at ~1.9–2.2 ppm shows the presence of O-linked acetate 

(Bédouet et al., 2005). The spectral region of 3.0–6.0 ppm is associated to ring hydrogen, mainly 

the presence of sucrose, fructose, and glucose, as witnessed by their respective intensities and 

earlier literature results (Silva et al., 2012; de Oliveira et al., 2014). In addition to the above peaks, 

Blend (Figure 4.2f) also shows peaks near 3.7 and 4.1–4.6 ppm, which are attributed to 

carboxymethyl-protons as N-CH2-CO- and O-CH2-CO-, respectively. However, in the CSOP-A 

spectrum (Figure 4.2g), the reduction of peak intensities in this region compared to OP-D reflects 

that the –OH groups of sugars moieties present in OP-D might have been substituted during 

acylation.  Moreover, in the CSOP-A spectrum, the peaks in the range of 1.1–2.0 ppm are attributed 

to the alkyl (CH2 and CH3) group of the lauroyl chain. Furthermore, the signal obtained at 2.0 ppm 

corresponds to –N=CH– linkage (Schiff base), obtained through linkage of –C=O– group of 

carbohydrate or pectin in OP-D with –NH2 group of chitosan derivative (Gullón et al., 2016), and 

also attributed to the CH2 groups of lauroyl chain. This is in a good agreement with the FTIR 

results. Moreover, the signals at ~0.8–1.7 ppm in the Blend are originated from the alkane proton 

of oleoyl chain as well as fatty components present in OP-D. Therefore, FTIR confirms the 

presence of functional groups in chitosan, before and after modification and the 1H NMR results 

confirm the position of these functional groups onto the backbone of the chitosan molecule.  

XRD analysis 

The XRD spectra are shown in Figure 4.3. The intensity of the characteristic peak of chitosan about 

23° reduces in Na-CS and NaO-CS after the carboxymethylation and acylation, respectively (refer 

Figure 4.3a). Furthermore, the peak about 32° is attributed to carboxymethylated part. Moreover, 

Na-CS and NaO-CS being in sodium form, the XRD pattern does not differ much.  

 
Figure 4.3: XRD pattern of (a) Chitosan, Na-CS and NaO-CS and (b) OP-D, OP-A, CSOP-A and 

Blend. 
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The XRD spectra of OP-D (Figure 4.3b) did not show any distinguished peak of minerals, 

concluding the nature of OP-D as amorphous, similar behaviour also observed previously (Mafra 

et al., 2013). Compared to the XRD pattern of OP-D, the diffractogram of OP-A, CSOP-A and the 

Blend showed sharper peaks indicating the formation of a new crystalline phase (see Figure 4.3b). 

The peak around 32° in CSOP-A and the Blend is attributed to the carboxymethylated part present 

in them, and similar results were observed previously for carboxymethylated chitosan (Patale and 

Patravale, 2011). After acylation, the peaks around 37° and 53° (see part 2 of Figure 4.3b) were 

observed in OP-A, CSOP-A and the Blend, which were absent in OP-D. Despite of the similar 

acylation procedure, the intensities of these peaks in OP-A were lower than the peak intensities of 

CSOP-A and the Blend. The reason might be that either the carboxymethylated part in CSOP-A 

and the Blend have influenced the peak intensities or there might be partial acylation in OP-A, or 

crystallinity in chitosan-based adsorbents, CSOP-A and the Blend might be higher compared to 

OP-A.  

4.1.4 Zeta potential with changing moieties 

The electrical properties of the surface play an important role presenting the interactions of surface-

active moieties with the surrounding of charged particles. The charge acquired by a particle or 

molecule in a given medium is its zeta potential and arises from the surface charge and the 

concentration and types of ions in the solution. Since particles of similar charge will repel each 

other, those with high charges will resist flocculation and aggregation for longer periods making 

such samples more stable. This stability can be modified by altering pH, presence of electrolyte, 

types of ions and by using some additives. 

 

The surface charge of modified chitosan with respect to pH and salinity is presented in Figure 4.4. 

The initial pH of NaO-CS, NaCS-GL, OP-D, CSOP-A, and Blend were ~10.2, ~9.2, ~5.6, ~10.1 

and ~9.0, respectively, and the initial ZP of all these materials was negative. Furthermore, larger 

negative ZP inhibits the coalescence rate, and make the emulsions more stable (Chansiri et al., 

1999; Dickinson, 2017). In case of NaO-CS, the magnitude of the electrical charge at higher pH 

was highly negative and tended to zero (at isoelectric point) at intermediate pH and then to positive 

values at lower pH as shown in Figure 4.4a. However, there was a sudden drop in the ZP (–48 mV 

to –54.8 mV) at pH 9, attributing to the dissociation of almost all Na+ ions from the sodium 

carboxylate group of NaO-CS, which made the surface more negative. Moreover, there was 

protonation of amino groups followed by carboxylate groups by the addition of H+ ions, which 

resulted in an increase of the ZP towards the isoelectric point. Furthermore, addition of H+ ions 

made the surface more and more positive aligning the deprotonated carboxylate groups to get 

protonated (from –48 mV to +20.9 mV). On the other hand, Figure 4.4b shows the linear increase 

in the ZP of NaO-CS in the presence of electrolyte (from –28.1 mV to +4.2 mV), stating that the 

process of protonation and deprotonation on the surface of NaO-CS did not interfere significantly 

by the salinity variance except the change in the isoelectric point (Paper II). Furthermore, the 

glutaraldehyde cross-linked amino groups in NaCS-GL did not take part in the protonation process 

in the presence of H+ ions. Hence, the surface ZP of NaCS-GL slightly altered compared to other 

chitosan derivatives (Paper III).  
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Figure 4.4: Zeta potential of modified chitosan in (a) deionised water and (b) seawater having 

~3.5% salinity as a function of pH. 

 

In OP-D, when pH is increased, dissociation of carboxyl group occurs, which then results in 

decrease in zeta potential value (i.e. more negative zeta potential). On the other hand, when pH 

decreases, carboxyl groups are associated (i.e. protonated), which results in neutralization of 

charge, thus increase in zeta potential. In case of CSOP-A and the Blend, simultaneous protonation 

of carboxyl and amino groups occurred with decrease in pH, which overall increases the ZP by 

neutralizing the charge. Hence, when pH is decreased to 4, the surface charge in all of the samples 

seems to be close to zero (i.e. no surface charge). Furthermore, the carboxymethylated groups in 

Blend and CSOP-A attributes to more negative surface than OP-D. The ZPs were less negative in 

seawater (SW) than in DI (Figure 4.4b). One reason could be the ions present in SW formed 

electrical double layer with the surface charges of these materials. Furthermore, there might be ion 

exchange between the surface charge and electrolyte with decreasing pH (Paper IV). Above 

mentioned results reflected that the hydrophobic moieties on the chitosan surface led to the 

formation of more negative surface ZP by inhibiting the protonation of amino groups. Therefore, 

there is a major role of surface active moieties of these chitosan derivatives in the interaction of 

other moieties such as oil or metal ions present in the water.  

 

4.2 Oil-in-water emulsions  

4.2.1 Interfacial tension (IFT) and wettability 

The boundary between two phases is known as an interface. IFT is the amount of energy required 

to increase the interfacial area between two immiscible liquids, i.e. oil and water. In other words, 

IFT is the force per unit length existing at the interface between two immiscible liquid phases. IFT 

results were measured by the pendant drop method (Video-based contact angle instrument, 
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Dataphysics OCA 15EC Series) as shown in Figure 4.5a. The key parameter for the formation of 

stable oil droplets in an emulsion is the IFT between the water phase and oil phase.  

 
Figure 4.5: (a) Pendant drop method for the calculation of interfacial tension (IFT) using contact 

angle instrument and image capture by Dataphysics OCA 15EC Series software, (b) determination 

of CMC of NaO-CS in the presence of marine diesel.  IFT between marine diesel and water phase 

(c) deionised water and (d) seawater in the presence of OP-D, OP-A, CSOP-A and Blend. 

For the carboxymethylated chitosan (NO-CS) solution, the IFT obtained at 20 oC with marine 

diesel, diesel and Marine 2T-oil were 19.77, 19.01 and 20.45 mN m-1, respectively (Paper I). The 

IFT between water and marine diesel in absence of NaO-CS was 19.53 ± 0.54 mN m-1. Moreover, 

a small amount of NaO-CS reduced the IFT to half and the CMC was reached (refer Figure 4.5b) 

when the IFT was reduced by 70% of its original IFT (Paper II). The results showed that presence 

of hydrophobic chain in the structure of NaO-CS reduced the IFT drastically as compared to NO-

CS, which in turn reduced the free surface energy associated with the formation of droplets. In case 

of chitosan cross-combined with orange peel, the initial IFT between marine diesel and water phase 

(DI and SW) without any surface-active material was 15.55 ± 0.08 mN m-1 and 34.76 ± 0.68 mN 

m-1, respectively. A small amount of OP-D, OP-A, CSOP-A and Blend in DI reduced the IFT 

sequentially (Figure 4.5c), whereas with SW, this reduction was drastic (Figure 4.5d). This shows 
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that the presence of hydrophobic moieties made OP-A, CSOP-A, and Blend more amphiphilic 

similar to NaO-CS, which drastically reduced the IFT. At lower IFT, the free surface energy 

associated with the formation of droplets reduces, which enhanced the emulsion stability of oil and 

water in the presence of these materials, by forming smaller droplets with greater stability (Paper 

IV).  

 

Surface chemistry and morphology determine the wettability of the surface, which closely relates 

to the adsorption of oils. Water contact angle is used to measure wettability. If the contact angle of 

a water droplet on a flat surface is less than 90°, it is characterized as hydrophilic, if the contact 

angle is between 90° and 150°, it is characterized as hydrophobic, and if the contact angle is over 

150°, it is characterized as superhydrophobic. The wettability of the particles was determined by 

contact angle with sessile drop method. The contact angle of OP-D, Blend and CSOP-A were 63°, 

83° and 113°, respectively. This shows that hydrophobic moieties in Blend and CSOP-A enhanced 

the contact angle as compared to OP-D. Kaptay also suggested that the optimum contact angle for 

the stabilization of emulsions by a single or double layer of particles is <90° or <129°, for o/w 

emulsion (Kaptay, 2006).  

4.2.2 Chitosan surface-active moieties versus emulsion stability 

The formation of emulsion and its stability was studied as a function of different surface-active 

moieties on the backbone of chitosan. However, it has been difficult to understand the complete 

behaviour of emulsion using polymers, as the substitution is not uniform in each monomer unit.   

Emulsion stability with NO-CS 

Since NO-CS was hydrophilic, increasing concentration enhanced the viscosity of the solution, 

which resulted in the formation of emulsions with marine diesel, diesel and marine 2T-oil. 

However, for marine diesel and diesel, the emulsion stability at a lower concentration of NO-CS 

was weak (refer Figure 4.6a), due to the unavailability of enough NO-CS. At a higher concentration 

of NO-CS, the emulsions were stable due to the formation of a tighter monolayer with adsorbed 

species and stronger interparticle interactions surrounding the oil droplets. This had resulted 

decrease in the coalescence rate of oil droplets due to electrostatic and steric barriers (refer Figure 

4.6a). Moreover, there might be some free NO-CS molecules at higher concentration, which 

probably undergoes depletion stabilization. The case with marine 2T-oil was slightly different than 

the other two oils because of its composition. The alpha-olefins and paraffins present in Marine 

2T-oil form creamy layer with water, and addition of small concentration of NO-CS had converted 

creamy layer of marine 2T-oil into emulsified precipitates. Although the droplet size was less than 

100 µm (refer Figures 4.6b-c), the formation of stabilized oil droplets in the emulsion varied with 

the concentration of NO-CS. From the obtained results, it was concluded that NO-CS forms 

stabilized emulsion by adsorbing onto the oil droplets through electrosteric stabilization and the 

behaviour of emulsion mainly depends on the type of oil. Hence, NO-CS is more effective in the 

formation emulsions than parent chitosan, because of its hydrophilicity.  
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Figure 4.6: (a) Effect of NO-CS dosage in formation of oil droplets for marine diesel, diesel and 

marine 2T-oil along with stabilization mechanism. The microscopic images of emulsion (b) with 

diesel having 4 g L-1 of NO-CS and (c) with marine 2T-oil having 1 g L-1 of NO-CS. 

Emulsion stability after hydrophobic modification of chitosan 

The emulsion stability was studied by adding hydrophobic long carbon chain (oleoyl moiety) to 

the chitosan backbone. NaO-CS being amphoteric, can easily interact with aqueous and oil phase, 

and reduced the IFT. Figure 4.7 shows that the hydrophobic oleoyl tails interacted with the oil 

leaving the hydrophilic end to interact with water and resulted in the formation of stable creamy 

emulsion. Here the hydrophobic oleoyl moieties of NaO-CS got adsorbed onto the oil droplets and 

build up the steric repulsive barrier, so that the droplets in the emulsion did not adhere each other 

towards coalescence. Furthermore, the orientation of electrical charged groups of NaO-CS towards 

the aqueous phase generated electrostatic hindrance between droplets. These repulsive barriers 

reflected the stability of droplets in the formed emulsion. Hence, NaO-CS formed stable emulsion 

with marine diesel by a combination of electrostatic and steric stabilization. The emulsion 

mechanism is shown in Figure 4.7. Thus, the results confirmed that the hydrophobic modification 

of NaO-CS had enhanced the overall emulsification ability compared to NO-CS. The formation of 

creamy emulsion at the top indicates that the particles density in the dispersed phase is less than 

that in the continuous (aqueous) phase. The stability of this emulsion retained for more than 6 

weeks and the average oil droplets size was ≤ 30 µm at RT (see Figure 4.7).  

 

Moreover, the span value was 18.44 immediately after mixing, revealing a wide range of size 

distribution in the emulsion. Nevertheless, the span value decreased with time, i.e. the span value 

for o/w emulsion after 2 hours of mixing and after 6 weeks were 2.05 and 1.70, respectively, which 
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also favours the stability of creamy o/w emulsion (Paper II). The robustness of emulsion in the 

wave action was also verified by shaking the existing emulsion periodically, which retained the 

similar emulsion after few hours. The result concluded that addition of hydrophobic moiety onto 

the chitosan backbone enhanced the emulsion stability and this amphiphilic chitosan might act as 

an emulsifier for oil spill treatment. Therefore, in case of an oil spill, this type of the stable creamy 

emulsion can be skimmed away easily from the water surface. 

 

  
Figure 4.7: Stable o/w emulsion formation by NaO-CS along with emulsion mechanism, 

microscopic images of droplets and droplet size distribution in the emulsion. 

Emulsion behaviour and stability for OP-D, Blend, CSOP-A and OP-A 

Further studies show the effectiveness of chitosan derivatives combined with bio-waste such as 

orange peels in the formation of emulsion with oils. Figure 4.8a shows an increase in OP-D 

concentration in DI enhanced the emulsion formation rate from 5% to 70%, i.e. more and more oil 

molecules are broken down into oil droplets, which were stabilized by OP-D. This suggests the 
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adsorption of OP-D at the interface which resist against droplets coalescence via electrosteric 

stabilization. On the other hand, OP-D particles being smaller in size provides a barrier against 

droplets coalescence, resulting in solid-stabilized (Pickering) emulsion. Moreover, the 

effectiveness of the Blend and OP-A was more than 80% even with a low dosage (0.5 g L-1). This 

reveals that the orientation of hydrophobic hydrocarbon segments (oleoyl groups) of the Blend and 

OP-A at oil-water interface have generated steric repulsion between the oil droplets. Furthermore, 

the magnitude of this steric repulsion between the droplets was enhanced with the increasing 

concentration of the Blend and OP-A, due to the dense packing and thick interface of the molecules 

around the oil droplets (see Figure 4.8b, mechanism part). This resulted in the enhancement of the 

oil droplets stabilization rate through the formation of stable emulsion. 

 
Figure 4.8: (a) Effect of OP-D, OP-A, CSOP-A and the Blend dosage in the emulsion formation 

of marine diesel with deionised water and seawater, along with the o/w emulsion with marine diesel 

image having 2.0 g L-1 of dosage in DI water. The microscopic images of o/w emulsion along with 

mechanism for (b) the Blend and (c) CSOP-A with marine diesel in DI water taken at a 

magnification of 100 µm. 

Despite of hydrophobic moieties in CSOP-A, the maximum formation of o/w emulsion was about 

50%. The reason could be the exposure of non-polar region to the surrounding water, which had 

started generating the hydrophobic attraction between the droplets (McClements and Gumus, 2016) 

due to rapturing of the steric repulsive interactions of CSOP-A from the oil droplets. This resulted 

in the aggregation of oil droplets and destabilized the emulsion (see Figure 4.8c, mechanism part). 

Although CSOP-A and Blend have a negative surface ZP in DI, the oil droplets stabilization rate 

(emulsion formation rate) varied in them due to the presence of different hydrocarbon segments. 

The effect of the hydrocarbon chain on oil droplets stabilization or emulsion formation was 

demonstrated previously (Shiao et al., 1998). In addition, lengthening the hydrocarbon chain also 
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enhanced ions exchange and hydrophobic interactions (Valandro et al., 2013; Benner et al., 2015). 

Hence, the interaction of CSOP-A with marine diesel differs from the Blend and OP-A.  

 

The o/w emulsion behaviour was gel-like in a Blend due to the presence of OP-D, whereas with 

CSOP-A creamy emulsions were observed. Hence, the oil droplet size in the Blend (Figure 4.8b) 

and OP-D was >100 µm, whereas in OP-A (Figure 4.8c) and CSOP-A, it was <100 µm. The 

coalescence rate dominated the droplets stabilization rate with OP-A and CSOP-A in SW, whereas 

the presence of OP-D in the Blend showed more than 90% conversion of oil into emulsion, even 

at a very small dosage. This shows that water salinity decreases the critical micelle concentration 

of the Blend. Similar results were observed previously (Jiao et al., 2016). However, about 2.0 g L-

1 of NaO-CS was required to form stable emulsion with seawater (Paper II). On the other hand, this 

study addresses that addition of OP-D to NaO-CS reduces the dosage to half with the same 

seawater.  

 

 
Figure 4.9: (a) Effect of dosage of OP-D, OP-A, CSOP-A and the Blend in emulsion formation of 

2T-oil with deionised water and seawater, along with the o/w emulsion with 2T-oil image having 

1.5 g L-1 of dosage in SW. The microscopic images of o/w emulsion for (b) OP-D and (c) CSOP-

A with 2T in SW taken at a magnification of 10 µm. 

Figure 4.9 shows the effect of dosage OP-D, OP-A, CSOP-A and the Blend on the emulsion 

formation rate with 2T-oil. The emulsion formation with 2T-oil (Refer Figure 4.9a) differs from 

marine diesel, because of its composition. 2T-oil being viscous, consists of solvent-dewaxed heavy 

paraffinic and polyaromatics, that can easily form a creamy layer with water even in the absence 

of oil emulsifier/surfactants. Furthermore, a small addition of either OP-A, OP-D, the Blend or 

CSOP-A converts this creamy layer to an emulsified layer. However, the droplets stabilization rate 

to formed emulsion is more likely to be dependent on the type of water for CSOP-A, as with DI 

the rate was approx. 22%, whereas with SW it was about 90%. This also shows that the presence 

of different hydrocarbon chains in CSOP-A might have affected the emulsion stability and 
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behaviour as discussed earlier. However, for the remaining materials, the droplets stabilization rate 

(emulsion formation) was more than 80% with DI and SW. Although the emulsion behaviours 

were not identical, the oil droplet sizes in the emulsions were <100 µm (Figures 4.9b-c). The result 

also presented that if the emulsion is gel-like, the oil droplet size would be greater than 100 µm, 

whereas, for creamy emulsion, the droplet size always falls under 100 µm (Paper IV). 

4.2.3 Emulsion behaviour with different solution pH 

The pH of the wastewater-containing oil or spilled oil plays a significant role in the applicability 

of the surface-active materials, especially organic sorbent used for the oil sorption (Rajaković-

Ognjanović et al., 2008).  

For NO-CS 

NO-CS is hydrophilic and provides mainly steric barrier between the oil droplets to coalescence, 

however, the charge and conformation of the polymer affects the emulsion stability. The initial pH 

of the NO-CS solution was ~3.5–4.5, and when pH was slightly increased the oppositely charged 

groups (amino and carboxyl groups) of NO-CS underwent interchain interactions (Refer left most 

part of Figure 4.10). Excess of protonated amino groups of NO-CS provided electrostatic barrier 

to the oil droplets to coalescence along with the steric barrier. This resulted in stable o/w emulsion 

(Figure 4.10a).  

 
Figure 4.10: Effect of pH on the behaviour of stabilized oil droplets (a) o/w emulsions at acidic pH 

along with microscopic image of emulsion formed by diesel at pH 6 (b) adsorption of oil droplets 

on the surface of NO-CS at alkaline pH with a microscopic image of adsorbed marine diesel at pH 

8. Left most part shows the interchain interaction and stabilization of oils at pH ≤5 and the right 

most part presents the open-chain conformation of the polymers at pH ≥9. 
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Increasing the pH started the deprotonation of amino groups, which resulted in the precipitation of 

NO-CS at pH >6.5, and hence started reducing the electrostatic barrier. In such case, the 

electrosteric interaction between the NO-CS and oils resulted in the stabilization of oil droplets 

through adsorption (Figure 4.10b). Furthermore, the negative charge of hydrocarbon present in oils 

will pull the positive charge of the non-substituted amino groups of NO-CS, by enhancing 

adsorption at oil and water interface in the presence of NO-CS, and similar behaviour was also 

observed previously (Lusiana et al., 2014). In addition, since the electrostatic barrier was reduced, 

NO-CS molecules were desorbed from the droplet surfaces, and resulted in extensive droplet 

flocculation or bridging flocculation. At pH ≥9, all the amino groups are deprotonated and neutral, 

and no further interchain interaction occurs between the amino and carboxyl groups. Since, all the 

carboxyl groups are negatively charged and there exists repulsive barrier between the polymer 

chains, NO-CS adopts open-chain conformation (Refer right most part of Figure 4.10). This 

resulted in the adhering of the oil droplets towards each other and enhanced the destabilization rate 

of the emulsion.     

For NaO-CS 

Long hydrocarbon chains were introduced into carboxymethylchitosan surfaces, in order to study 

its effect on emulsion stabilization as a function of pH. The long oleoyl chains grafted into the 

polymer-chain allow the NaO-CS to get attached to the liquid–liquid interface. These long chains 

also creates the repulsive forces between them, and being hydrophobic in nature easily interacted 

with the oil. Despite of the repulsive barrier between the deprotonated carboxyl groups, adsorption 

of long hydrocarbon chains of NaO-CS to the oil droplets provides additional stabilization even at 

pH ~10 (Figure 4.11). Such stabilization was not feasible in case of NO-CS at higher pH. Moreover, 

the electrical charge of oil droplets in an emulsion is always identical resulting in the repulsive 

electrostatic interactions among the oil droplets (Klinkesorn, 2013). This suppressed the 

coalescence rate and hence a stable emulsion was formed. Since, NaO-CS was in the sodium form, 

addition of HCl started to build up ion exchange effect between Na+ and NH3
+ groups of NaO-CS 

along with H+ ions present in the aqueous phase. This resulted in the strong attraction of hydrophilic 

moiety of NaO-CS towards the aqueous phase.  

As the pH decreased, there was more interchain interaction between the oppositely charged amino 

and carboxyl groups, which resulted in the denser packing of the NaO-CS at the oil-water interface. 

This favors effective stabilization against coalescence near to pH 8 via chain interaction, and 

similar behavior was also observed previously (Kalliola et al., 2018). Furthermore, decrease in the 

pH started building positive charges surrounding the droplets, and this electrical layers enhanced 

the repulsive barrier between the oil droplets. Therefore, the o/w emulsion was formed via 

electrosteric stabilization. The overall mechanism is presented in the Figure 4.11. However, the 

o/w emulsion formed at alkaline pH ~8 was creamy and decreasing pH build a positive surface 

(refer Figure 4.4a), which had changed the creamy emulsion into clear emulsion (pH ~5). 

Furthermore, the addition of positive charge made the emulsion unstable. Therefore, from the 

observed results, it was concluded that the emulsion was found to be stable at the aqueous phase 
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pH >4. (Paper II) Although the emulsion behaviour of NaO-CS was similar to NO-CS, the effect 

of pH was hindered by the hydrophobic modification.  

 

 
Figure 4.11: Effect of pH on the stabilization behaviour of oil droplets in emulsion using NaO-CS. 

 

For OP-D, Blend, CSOP-A and OP-A 

Furthermore, coordination between carboxymethyl chitosan derivatives and OP-D changed the 

behaviour of emulsion as a function of pH. When OP-D interacted with marine diesel at its initial 

pH (pH was 5.5), there was a formation of gel-like emulsion, suggested the bridging of particles 

between droplets and particle-particle interaction. So the obtained emulsion is because of the 

hydrogen bonding as well as due to bonds between hydrophobic groups and oil droplets via steric 

barriers (Schmidt et al., 2015).  

 

In addition to steric stabilization, the electrostatic contribution to this stabilization is quantified by 

the electrophoretic mobility (EM) which is proportional to the surface charge. When pH decreases 

to 4, there was association (i.e. protonation) of carboxyl groups, which resulted in the neutralization 

of charges, and thus increased the zeta potential. Hence, the EM value of OP-D at pH 4 was -1.14 

µmcm/Vs, and resulted in thick gel-like layer with oil via electrosteric barriers. However, 

increasing pH had decreased the EM values (Figure 4.12a), which attributed to the dissociation of 

carboxyl groups present in it and resulted in the formation of o/w emulsion mainly due to steric 

stabilization. Furthermore, repulsive barriers are also generated by negative charged carboxyl 

groups, which could resist against droplets coalescence. The electrolyte in SW, increased the EM 

(Figure 4.12b) compared to OP-D in DI water, by shielding the negative charges and enhancing 

the emulsion rate (Schmidt et al., 2017) through electrostatic barriers of electrical charges. Hence, 

overall obtained emulsion was due to steric and electrostatic stabilization. OP-A with DI water 

formed creamy emulsion at pH 9–10 similar to NaO-CS, but the coalescence rate was enhanced in 
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the presence of SW. Moreover, the EM value in OP-A was less negative than OP-D at pH 4, due 

to the presence of the hydrophobic hydrocarbon chain in OP-A, and thus resulted in o/w emulsion 

but not a gel-like. 

 

 
Figure 4.12: Effect of solution pH of OP-D, OP-A, CSOP-A and the Blend on the electrophoretic 

mobility and coalescence rate of (a) marine diesel with deionised water, (b) marine diesel with 

seawater, (c) Emulsion mechanism of marine diesel with 2.0 g L-1 of Blend in DI at acidic and 

alkaline pH. Electrophoretic mobility is represented with black lines with symbols and the 

coalescence rate is represented with blue lines with a symbol. 

Since CSOP-A possessed a glucosamine backbone along with OP-D, the EM values differed from 

OP-A at a different pH range, and so did the oil droplet stabilization rate (emulsion formation rate). 

In addition to this, the incremental of EM values from alkaline to the acidic pH region implied the 

adsorption of surfactant via hydrophobic bonding, distributed on the external surfaces of 



4.2 Oil-in-water emulsions                   59 

  
 

 
 

aggregates. Although there was the presence of long hydrocarbon segments in CSOP-A, the 

simultaneous protonation of amino and carboxyl groups occurred in CSOP-A with decreasing pH 

and mitigated the oil droplets’ resistance to coalescence by stepping down the emulsion rate. The 

Blend bearing hydrophobic glucosamine backbone and OP-D, however, did not affect the oil 

droplets stabilization rate much with pH change, but rather changed the nature of the emulsion, i.e. 

gel-like emulsion at acidic pH and creamy emulsion at alkaline pH (refer Figures 4.12c along with 

its mechanism). In addition, the emulsion formation with the Blend was autonomous of the water 

quality, as some of the hydrophobically modified chitosan present in the Blend was effective in DI 

(Paper II) and some of OP-D present in the Blend was effective in SW.  

 

 
Figure 4.13: Effect of solution pH of OP-D, OP-A, CSOP-A and the Blend on the electrophoretic 

mobility and coalescence rate of (a) 2T-oil with deionised water, and (b) 2T-oil with seawater. 

Electrophoretic mobility is represented with black lines with symbols and the coalescence rate is 

represented with blue lines with a symbol. 

 

The droplets stabilization rate of 2T-oil in DI was more dependent on pH, than that in SW (Figures 

4.13a-b). The reason was the cation exchange from SW with H+ of surface-active moieties 

(−COOH and –OH) of OP-D and the Blend, which resulted in bulky o/w emulsion. In addition, the 

IFT of 2T-oil was less in SW than DI, which resulted in dissolution of some compounds of 2T-oil 

in SW, and similar result was reported previously (Ghorbanizadeh and Rostami, 2017). 

Furthermore, 2T-oil swells easily in SW, resulting in spontaneous oil-in-water emulsification, 

which diffuses the surfactants across the interface and forms bulky emulsion (Riehm et al., 2017). 

Nevertheless, for OP-D and Blend, the decreasing pH formed the interfacial monolayer that 

contributed to the prevention of dispersed 2T-oil droplets to coalescence, resulting in a creamy and 

gel-like emulsion. Even though the EM values of the Blend and CSOP-A do not differ much in SW 

with changing pH, the emulsion behaviour changes in them due to the presence of OP-D and 

crosslinked OP-D. Despite of the long hydrocarbon chains in Blend, CSOP-A and OP-A, the pH 

gradient at the interface in DI prevents the adsorption of long chains towards 2T-oil due to the 
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presence of free surface-active groups (such as –OH and –COOH), which might have enhanced the 

coalescence rate. Moreover, the protonation of amino groups in the CSOP-A with decreasing pH 

provides a repulsive barriers, which slightly resist against the aggregation of droplets. Hence, the 

coalescence rates of these hydrophobically modified materials varied in DI.   

4.2.4 Salinity variance versus the behaviour of emulsion 

The interaction of NO-CS with oils in the presence of electrolyte was studied by measuring the oil 

droplets size. It has been shown that emulsion is more stable when the ionic strength of the solution 

is lower (Wang and Alvarado, 2012). In contrast, presence of salt induced the formation of more 

rigid interfacial film i.e. stronger interfacial activity (Alves et al., 2014).  

For NO-CS, addition of ionic strength reduces the IFT and forms electrical double layer 

surrounding the positively charged surface on NO-CS, which provides additional electrostatic 

barrier to the sterically stabilized droplets against coalescence. However, further increase in the 

salinity shields the surface charges of NO-CS and reduces the electrostatic repulsive barrier. This 

facilitates the adsorption of NO-CS onto the oil-water interface and favors the hydrophobic 

interactions among the NO-CS polymer via steric barriers. The formation of oil droplets with diesel 

dropped significantly with an increase in salinity from 0.5% to 2% compared to marine diesel (refer 

Figures 4.14a-b). However, the hydrophilicity of NO-CS decreased with increase in salinity from 

2% to 3%, and thus reduces the emulsion stability. This resulted in slight more drop in the formation 

of oil-droplets for marine diesel compared to diesel. The average droplet size for marine diesel was 

less than 50 µm, whereas for diesel, it was less than 75 µm. In case of marine-2T oil, a small 

addition of electrolyte quickly dropped the rate of oil droplets formation with average droplet size 

less than 35 µm (refer Figure 4.14c). Increase in salinity changes the formation of oil droplets but 

it does not affect the oil droplets size significantly. 

For NaO-CS, there was a strong affinity of NaO-CS towards aqueous phase due to an ion exchange 

effect among the amino groups and the Na+ of NaO-CS with H+ ions in the aqueous phase. The 

increase in electrolyte concentration, narrowed down the electrically charged double layer near the 

hydrophilic part of NaO-CS through neutralization of charges. Furthermore, the repulsive force 

among the hydrophobic groups in NaO-CS quickly grabbed the marine diesel (hydrophobic effect) 

and provided steric hindrance to the droplets against coalescence. Moreover, the oil droplets had 

the same electrical charge in the emulsion as they were stabilized by the same stabilizer, showing 

repulsive electrostatic interaction between the oil droplets in an emulsion (Klinkesorn, 2013) by 

inhibiting coalescence. Since NaO-CS got adsorbed onto the surface of more than one droplet, 

there was a formation of bridging flocculation between the NaO-CS and emulsion droplets and an 

increase in salinity accelerated this rate by making the emulsion droplets denser (see Figure 4.14d). 

The formation of bridging flocculation was maximum for pH 6–7 up to 3.5% salinity, due to 

slightly negatively charged NaO-CS. However, decreasing pH with variable salinity tended 

towards the instability of o/w emulsion, i.e. at pH 5 the stability of o/w emulsion suppressed the 

coalescence because of the positively charged NaO-CS. 
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Figure 4.14: Effect of salinity on formation of oil droplets using NO-CS (a) for marine diesel (b) 

for diesel and (c) for marine 2T-oil along with the microscopic images of oil droplets, (d) formation 

of bridging flocculation between the NaO-CS and emulsion droplets with increase in salinity. 

In the formed emulsion, droplets stabilization rate of marine diesel with OP-D was enhanced with 

increased in electrolyte concentration, whereas the orange peels powder combined chitosan 

derivatives showed the stabilization of this oil in a different way (refer Figure 4.15a). One reason 

was that the electrolyte prevented water hydration around OP-D molecules, which resulted in the 

reduction of electrostatic repulsion between the intermolecular hydrophilic groups, and, thus, 

enhanced the hydrophobicity of OP-D. Similar behaviour was observed previously (Jiao et al., 

2016). Furthermore, crosslinking of metal ions with carboxyl and hydroxyl groups present in OP-

D might have reduced intermolecular electrostatic repulsion. Kasprzak et al. demonstrated the 

coordination of metal ions with flavonoids to form complexes (Kasprzak et al., 2015). In CSOP-

A, the unavailability of carboxylic acid, have declined the crosslinking activity with ions, and thus 

reduced its effectiveness in the emulsion stability at seawater salinity. Although CSOP-A possesses 

hydrocarbon chains, an increase in electrolyte concentration strengthened the electrostatic 

interaction of unreacted hydroxyl groups towards water, which enhanced the aggregation of oil 

droplets and destabilized the emulsion of marine diesel. In case of the Blend, the stabilization rate 

was not affected much with salinity variance in DI, due to the steric forces.  
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Figure 4.15: Effect of salinity on stabilization of oil droplets to formed emulsion (a) Marine diesel 

and (b) 2T-oil using OP-D, OP-A, CSOP-A and the Blend. 

2T-oil consists of solvent-dewaxed heavy paraffinic and polyaromatics along with hydrocarbons, 

which immediately form clusters when mixed with seawater. Even though the stabilization rate of 

the oil droplets or emulsion formation rate was similar (Figure 4.15b), the nature of emulsion with 

respect to these materials was different. OP-D formed stable emulsion that could be skimmed 

easily, whereas OP-A, CSOP-A and the Blend formed bulky lumps due to the long hydrocarbon 

chain present in these derivatives. Secondly, the presence of electrolyte led to a stronger interfacial 

activity with these surface-active species, by limiting the coalescence effect and then the 

stabilization (Alves et al., 2014). 

 

4.2.5 Effect of temperature on emulsion stability 

There was a direct influence of temperature on the behaviour of emulsions. Therefore, three 

different temperatures (RT, 2 °C and -20 °C) were considered to analyse the behaviour of oil 

droplets in the emulsions.  

 

For NaO-CS, the oil droplets size of marine diesel at RT was ≤30 µm for more than 6 weeks (refer 

Figure 4.16a), whereas, at 2 °C, the droplet size in the emulsion became ≤60 µm for higher 

concentration of NaO-CS (more than 1.5 g L-1) and was extended up to 100 µm for the lower 

concentration of NaO-CS (refer Figure 4.16b). These results reflect the enhancement of the 

interaction between water and the hydrophilic moiety of NaO-CS at a lower temperature, which 

resulted in the increased mean droplet diameter of the o/w emulsion and similar behaviour was also 

observed earlier (Shinoda and Saito, 1969). Moreover, the coalescence rate showed up a slight 

separation of oil from the emulsion at lower concentration of NaO-CS but increasing the dosage 

had reduced the coalescence rate. Nevertheless, the concentration of NaO-CS also affected the 

emulsion stability with a fluctuating temperature.  
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Figure 4.16: Oil droplet size in the emulsion with different dosage of NaO-CS (a) at RT and (b) at 

2°C measured weekly by optical microscope. 

The oil droplet size for different materials such as OP-D, OP-A, CSOP-A and Blend were also 

studied as a function of pH and water salinity with optimised concentration. The results showed 

that the emulsion rate of the oils at RT and 2 °C did not fluctuate much apart from the size of oil 

droplets in the emulsion, but water quality affected the oil droplet size (refer Figure 4.17). 

Furthermore, at (-20 °C) the water quality did not play a significant role in the formation of o/w 

emulsion due to the ice, rather more dependent on surface-active materials concentration. 

Therefore, the oil droplets stabilization rate (emulsion formation) on the surface of ice in the 

presence of these surface-active materials steeped down to less than 10%. Despite hydrophobic 

moieties in OP-A, CSOP-A and the Blend, the absence of the liquid-dispersed phase suppressed 

the hydrophilic properties of these materials, which in turn inhibited the formation of o/w emulsion. 
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Secondly, in such cold conditions, the biodegradation rate decreases with an increase in the 

viscosity of oils, which might be one reason for the ineffectiveness of these materials in the 

formation of emulsion. These particle-formed surfactants were effective for spilled oil above 0 °C, 

due to their dispersion in water, but below 0 °C there was a decline in the dispersion rate and 

particle effectiveness in the stabilization of oil droplets or formation of emulsion also declined 

(Paper IV). 

 

 
Figure 4.17: Oil droplet size in the o/w emulsion at RT and 2°C for marine diesel using (a) OP-D, 

(b) OP-A, (c) CSOP-A and (d) Blend. 

 

4.3 Recovery of oil from the emulsified oil  

The significant step in the oil spill treatment is the recovery of oil. Using NaO-CS, the recovery of 

oil was feasible simply by the addition of Ca+2 (CaCl2 solution). Two carboxylic acid groups of the 

NaO-CS cross-linked with Ca+2 ions (Figure 4.18), which reduced the effect of electrostatic barrier 

and might also affect the steric barrier in the stabilized emulsion. This affected the interaction 

between the long carbon chain of NaO-CS and oil in the o/w emulsion, as a result of which the Ca-
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crosslinked NaO-CS was pulled out from the stable emulsion. From the obtained results, it was 

concluded that Ca-crosslinked NaO-CS acted as an emulsion destabiliser, by enhancing the 

coalescence rate of the oil droplets within the stable emulsion. Although NaO-CS forms stable 

emulsion, the oil recovery rate was also dependent on the quality of the water. One reason for this 

might be the presence of multiple ions along with sodium ions in the seawater, which maintained 

the electrical double layer through electrostatic stabilization and suppressed the coalescence rate. 

Therefore, the recovery rate of oil from emulsification was about 75–85% and 19–49% using 

deionised water and seawater, respectively (Paper II). 

 
 

 
Figure 4.18: Mechanism for the recovery of oil from emulsion. The GC-FID spectra of marine 

diesel before emulsion and after recovery along with the SEM-EDS results of Ca-crosslinked NaO-

CS. 
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The recovered oil was characterised qualitatively using GC-FID and FTIR. The retention time of 

the saturated hydrocarbon in the standard diesel remained the same in recovered marine diesel 

(Figure 4.16). Moreover, from the FTIR spectra the peak intensities at 2854 cm-1, 2922 cm-1 and 

2954 cm-1 of C-H stretching, and at 1377 cm-1 and 1457 cm-1 of C-H bending of the marine diesel 

below emulsion and after recovering remained unaltered (Paper II). This resemblance of FTIR and 

GD-FID results with each other shows that the marine diesel recovered from the emulsion was in 

the pure form. The surface morphology and EDS results also confirmed the crosslinking of Ca2+ 

ions with the two carboxylic acid groups of NaO-CS. Hence the amount of sodium was reduced in 

Ca-crosslinked NaO-CS after the recovery of oil. 

 

4.4 Water quality after the removal of oil  

The maximum consumption of dispersants, Corexit, was done during a Gulf of Mexico oil spill 

without studying their post-application effect. Recent research changes the scenario, as the found 

traces of Corexit, due to its poor biodegradability, turned to be more harmful for the marine 

creatures. Hence, to study the water quality after application of dispersants for oil spill response is 

mandatory.  

 

 
Figure 4.19: Total organic carbon content after removal of marine diesel (a) at acidic pH and (b) 

at alkaline pH. 

 

Traces of organic matter (left over of OP-D, CSOP-A, OP-A and the Blend) after the removal of 

emulsified/separated oil were investigated using TOC through the NPOC method. As we see from 

Figures 4.8a and 4.9a, the aqueous layer was not cleared, which indicates the traces of unreacted 

surfactants. Figure 4.19 shows the traces of OP-D, the Blend, CSOP-A and OP-A after removal of 

the oil/emulsified marine diesel layer in acidic and alkaline conditions. Despite the removal of the 

oil layer, the increase in the amount of organic carbon was attributed to either the adsorption of oil 

molecules on the surface-active moieties or the presence of degraded oil in the continuous aqueous 

phase along with the surfactants. Especially for 2T-oil, the spontaneous oil-in-water emulsification 
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implies the leaching of surfactant from oil to the aqueous phase (Riehm et al., 2017). However, the 

amount of increased TOC was less than that obtained from marine diesel due to the formation of 

bulky emulsion, in which the surface-active materials were trapped. Various biosurfactants derived 

from varied microbial sources are present in the water, enhancing the biodegradation of the 

dispersed crude oil through bioremediation (Mohanram et al., 2016). Moreover, earlier studies 

demonstrate orange peel as a substrate for Bacillus Licheniformis biosurfactant production and the 

biodegradation of hydrocarbons (Arthala et al., 2016), so that the traces of OP-D in the water phase 

proved to be non-toxic. Chitosan being non-toxic and biodegradable, its derivatives, CSOP-A and 

the Blend could not have many adverse effects, if found in water resources. 

 

4.5 Other applications of surface-active chitosan  

Although NaCS-GL was partially carboxymethylated, the glutaraldehyde crosslinking inhibited the 

attractive power towards oil. In other words, since a partial amount of amino groups underwent 

carboxymethylation and partial were cross-linked with glutaraldehyde, the hydrophobic interaction 

of this derivative (NaCS-GL) was not efficient with oil. However, NaCS-GL as surface-active 

material was used for the removal of other pollutants from water. Paper III deals with the 

functionalities of chitosan moieties in the adsorptive removal of cationic and anionic dyes along 

with divalent metal ions. Figure 4.20 shows the adsorption mechanism of dyes such as MB, Tart 

and SaO, and metal ions such as Pb(II) and Cd(II), on the surface of NaCS-GL (Paper III).  

 

 
Figure 4.20: Adsorption mechanism of dyes and ions on the surface of NaCS-GL. 
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The maximum adsorption capacities of MB, SaO and Tart were 365.77, 126.80 and 609.26 mg g-

1, whereas, for Pb(II) and Cd(II) ions they were 51.93 and 36.43 mg g-1, respectively. Initially, film 

diffusion or chemical reaction controlled the rate of the adsorption followed by the pore diffusion. 

From the experimental data, Langmuir isotherm model was best fitted for the adsorptive removal 

of dyes, whereas, for metals, the surface heterogeneity of NaCS-GL fitted the Freundlich and 

Temkin isotherm models better than Langmuir. Hence, this surficial properties of NaCS-GL 

resulted in the simultaneous removal of dyes and metal ions from the water resources, and the 

spontaneity of Pb(II) was the most and MB was the least. Bio-based materials can be considered 

also safe to use in production of drinking water. Therefore, in future such functionalized 

biopolymer are extended for the water remediation of the industrial effluents.
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5 Other bio-based materials for oil spill treatment 

Beside chitosan various other materials based on biopolymers such as cellulose, chitin, gum agar, 

xanthan gum, and agarose, food-grade amphiphiles, bio-polymeric blends and magnetic nano-

particles have been studied for the oil spill treatment. Some examples are presented in Table 5.1. 

Other bio-based materials in the form of aerogel, separators, and gelators used in oil spill treatment 

are available in the review paper (Doshi et al., 2018).  

 

Table 5.1: Different bio-based materials for oil spill treatment. 

Materials (Method) Oils Observations References 

Walnut shells (Media 

preparation) 

Mineral oil 

Vegetable oil 

0.56 g g-1 

0.58 g g-1 

(sorption of oil) 

(Srinivasan and 

Viraraghavan, 

2008)  

Silkworm cocoon waste 

(Drying, Cutting and 

Milling) 

Motor oil 

Vegetable oil 

42 – 52 g g-1 

37 – 60 g g-1 

(sorption of oil) 

(Moriwaki et al., 

2009)  

Rice husks (Pyrolysis) Gasoline 

Diesel 

Light crude oil 

Motor oil 

Heavy Crude oil 

3.7 kg kg-1 

5.5 kg kg-1 

6.0 kg kg-1 

7.5 kg kg-1 

9.2 kg kg-1 

(sorption of oil) 

(Angelova et al., 

2011)  

Oil palm leaves (Blending 

and hydrophobic 

modification with lauric 

acid) 

Crude oil 

 

1.2 g g-1 (Sidik et al., 

2012)  

Food-Grade Amphiphiles, 

Soyabean lecithin and Tween 

80 (Blending) 

Crude oil Acts as an emulsifier 

and effectiveness 

depends on the 

amphiphiles ratio 

(Athas et al., 

2014)  

Foam membrane from 

Agarose, Gelatin and 

Genipin (Blending and 

Lyophilization) 

Crude oil, 

Hexane, 

Toluene, 

Oil-spill 

wastewater 

>97% of pure water 

obtained after removal 

of separation of oil 

(Chaudhary et al., 

2014)  

Cellulose-based aerogel from 

waste newspaper 

(Dissolution, Gelation, 

Solvent exchange and Freeze 

drying) 

Waste engine 

oil 

16 g g-1 

(sorption of oil) 

 

(Jin et al., 2015)  

Polyvinylpyrrolidone-coated 

magnetite nanoparticles 

(Hydrothermal) 

MC252 oil ~100%  

(magnetic separation) 

(Mirshahghassemi 

and Lead, 2015)  
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Hexadecyl-trimenthyl-

ammoinum-bromide 

modified eggshell (Mixing 

and drying) 

Crude oil 6.493 mg g-1  

(Removal of oil) 

(Muhammad et 

al., 2015)  

Stainless steel mesh with 

waste potato residues and 

polyurethane (Spraying) 

Light/ heavy oil 

Kerosene 

>96.5% 

98.0% 

(Separation of oil) 

(Li et al., 2016)  

 

Bifunctionalized cellulose 

rod-like nanocrystals 

(Oxidation and amination) 

Marine diesel Dispersion of oil up to 

seawater salinity 

(Ojala et al., 

2016)  

Ostrich bone waste-loaded a 

cationic surfactant (Mixing 

and drying) 

Benzene 

Toluene 

Ethylbenzene 

p-Xylene 

85.9 mg g-1 

119.5 mg g-1 

114.1 mg g-1 

137.7 mg g-1 

(sorption of oil) 

(Shakeri et al., 

2016)  

Cellulose nanofibril and 

polyvinyl alcohol aerogel 

microspheres (Emulsification 

and Freeze drying) 

Crude oil 54–140 g g-1 

(sorption of oil) 

 

(Zhai et al., 2016)  
 

Cellulose foam (Drop-

casting and heating) 

Paraffin 

Motor oil 

~100%  

(absorption of oil) 

(Calcagnile et al., 

2017)  

Liquidambar formosana 

(Pyrolysis) 

Paraffin 

Turpentine oil 

~100%  

(extraction of oil) 

(Feng et al., 2017)  

Cellulose membrane coated 

with block co-polymer of 

silane and myrcene 

monomers (RAFT 

polymerization) 

Crude oil >99% 

(Separation of oil) 

(Kollarigowda et 

al., 2017)  
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6 Conclusions and future prospective 

 

For the huge oil spill, when booms and skimmers are ineffective, dispersants are the best option. 

However, the biggest challenge of these materials is their effectiveness in terms of behaviour of 

oil, i.e. their effectiveness with change in density of oil, evaporation of oil or emulsification of oil 

over a period of time. From an environmental point of view, the removal of the oil from the 

environment is always the best solution, but economic aspects may restrict the methods available 

for the oil spill treatment.  

 

This thesis demonstrates the application of bio-polymer, chitosan, in the breaking of oils present 

on the water surface to form emulsion. Chitosan-based materials are rather environmental friendly, 

but economically expensive. The characterisation of chitosan and its synthesised derivatives 

determines the nature of physiochemical properties before and after modifications. The degree of 

substitution was altered on the chitosan polymer by changing the reaction parameters of the 

carboxymethylation process, which in turn affected the solubility of the produced derivative. 

Partially substituted hydrophilic NO-CS broke the dispersed phase (marine diesel, diesel and 

marine 2T-oil) into droplets and formed stable emulsion through electrosteric stabilization, with 

droplet size less than 100 µm. In acidic condition, there was a formation of oil-in-water emulsion 

via electrosteric stabilization (combination of electrostatic and steric stabilization), whereas, at 

alkaline pH, NO-CS stabilized the emulsion by adsorbing onto the oil droplets. Presence of ionic 

strength in NO-CS solution had enhanced the oil adsorption rate, and formation of bridging 

flocculation clumps of these adsorbed oil occurred in the presence of H+ ions, which can be easily 

skimmed off from water surface.  

 

Hydrophobic modification of chitosan backbone had enhanced the stability of emulsion with 

smaller average droplet size than hydrophilic chitosan. NaO-CS being amphoteric, the hydrophobic 

oleoyl tails interacted with the oil leaving the hydrophilic end to interact with water and resulted 

in the formation of stable creamy emulsion through steric hindrance. The emulsion was stable for 

more than 6 weeks with the average oil droplets size ≤ 30 µm at RT. At alkaline pH, there was 

formation of creamy o/w emulsion, and decreasing pH, there was more interchain interaction 

between the oppositely charged amino and carboxyl groups. This resulted in the denser packing of 

the NaO-CS at the oil-water interface and also led to formation of electrical layers, which enhanced 

the repulsive barrier between the oil droplets. Hence, clear o/w emulsion were formed via 

electrosteric stabilization at acidic condition. Increase in electrolyte concentration accelerates the 

bridging flocculation between the NaO-CS and oil droplets in emulsion, which could be easily 

skimmed. Recovery of emulsified oil was feasible using calcium chloride solution. However, the 

recovery with deionized water was more than with seawater. Increasing temperature expanded the 

oil droplet size in the emulsion up to 100 µm. Amphiphilic chitosan in sodium form not only 

reduced the synthesis steps, but also enhanced the affinity of hydrophilic segments towards 

continuous phase through electrostatic stabilization along with steric stabilization.  
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A new approach of combining orange peel powder with NaO-CS have effectively formed stable 

emulsion by breaking marine diesel and 2T-oil present on the water surface. Different chitosan 

derivatives were hydrophobically modified in presence of OP-D via acylation. The efficiency of 

OP-D to form o/w emulsion was maximum with seawater, however, with the Blend, the emulsion 

formation was independent on the water quality due to the presence of hydrophobically modified 

chitosan together with OP-D. For chitosan-based materials, the oil droplet size was greater than 

100 µm in gel-like emulsion, whereas, for creamy emulsion the droplet size always fell under 100 

µm. Use of bio-waste such as orange peel together with chitosan facilitated the oil droplet breakup 

through faster adsorption of the surface-active moieties at the oil-water interface. The droplets 

stabilization rate or emulsion formation of marine diesel followed the order of the Blend > OP-D 

> OP-A > CSOP-A, whereas for 2T-oil the order was OP-D > Blend > OP-A > CSOP-A. Since 

these surfactants are originated from the bio-based materials, their hazardousness is minimal 

compared to commercially available dispersants.  

 

The biodegradation or bioremediation of chitosan-based materials is more feasible than their 

regeneration after the separation of oil/emulsified oil. However, the cytotoxicity of chitosan on 

marine species needs further attention, as this cationic polymer may interact negatively with 

biodegrading organisms. Addition to this, the challenge is still to find environmental friendly and 

sustainable pathway to modify chitosan, which retains the green properties of chitosan, i.e. non-

toxicity and biodegradability. The scope of using hydrophobically modified materials in the 

stabilization of emulsions could be extended to other natural polymers. The future prospective is 

to reutilize more bio-waste as surfactants in the formulation of dispersants for the oil spill response. 

Use of bio-based surfactants in the formulation of dispersants minimise the hazardousness of the 

commercially available dispersants for oil spill. Although, the use of dispersants is banned in Arctic 

region, the bio-based formulation may open a way towards a revolutionary sustainability. 
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a  b  s  t  r  a  c  t

Oil spills  are  the  significant  sources  of  hydrocarbons  entering  in  the  receiving  aquatic  environment.
An  efficient  method  to remove  hydrocarbons  from  water  resources  is  adsorption.  In this  study,  water
soluble  N,O-carboxymethyl  chitosan  (NO-CS)  was  synthesized  by  carboxymethylation  of chitosan  in  a
hydro-alcoholic  medium  at 50 ◦C by  chloroacetic  acid.  The  polymer  was  characterized  through  degree
of deacetylation,  degree  of  substitution,  FTIR  and 1H NMR.  Effectiveness  of NO-CS  as  an  adsorbent  was
studied  as  a  function  of  dosage,  salinity  and  pH to  destabilize  the  Marine  diesel (Oil-1),  Diesel  (Oil-2)
and  Marine-2T  oil  (Oil-3)  into  small  oil droplets  of  less  than  100 �m.  Optical  microscope  was  used for
studying  the  size  of  oil  droplets  and adsorption  effect  of  the  oils  on  this  polymer.  The destabilization  of
marine  diesel  was  the  most  effective  among  the  studied  three  oils,  which  showed  excellent  adsorption
at  sea  water  alkalinity  and  salinity.

© 2017 The  Authors.  Published  by  Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oil entering the natural water resources originates from the
accidental spills or leaks from ships or tankers, storm water
drainage from cities and farms, untreated waste disposal from
factories and industrial facilities, unregulated recreational boat-
ing, offshore drilling and production operations (Farrington and
McDowll, 2004). Climatic change (Wassmann, Duarte, Agust, &
Sejr, 2011) enables increase in transportation (Arrigo, 2013) and
industrial activities in arctic regions by enhancing the oil spill rate
(Nevalainen, Helle, & Vahnatalo, 2017). Oil spilled from the ships
and tankers including the transportation fuel used by the vessels
themselves or their cargos, such as crude oil, fuel oil, or heating oil
are the significant sources of hydrocarbon inputs into the oceans,
lakes, rivers, etc. These spills, not only destroy the marine life
(DeLeo, Ruiz-Ramos, Baums, & Cordes, 2016; Sagerup, Nahrgang,
Frantzen, Larsen, & Geraudie, 2016) and wetland, but also affects
the estuarine habitat (Klemas, 2010).

∗ Corresponding author. Tel.: +358 504356962.
E-mail address: Bhairavi.doshi@lut.fi (B. Doshi).

Behavior of oil varies in different environments and, therefore
it is important to know the type of oil spill (Dahlmann, 2003).
The constituents of crude oil are saturates, aromatics, resins, and
asphaltenes. Light crude oil contains a higher percentage of satu-
rated hydrocarbons and aromatics, while heavy oil contains more
resins and asphaltenes (Fan & Buckley, 2002). Diesel fuel is most
often a light, refined petroleum product consists of hydrocarbon
from C8-C26 which are either branched and/or linear. A small
amount of diesel spills will usually evaporate and disperse naturally
within a day or less. But marine diesel is often a heavier fuel oil that
persist longer when spilled and in-situ burning may  not be possible
under Arctic conditions even though it is designed for combustion.
Marine diesel and diesel contains about 1.2% and 2% of polyaromat-
ics, respectively. Marine 2T-oil is the petroleum distillates consist
of hydrocarbons, C11-C14, n-alkanes, isoalkanes, cyclics, butene,
solvent-dewaxed heavy paraffinic and polyaromatics, and it is used
in ships and, boats as a lubricant can easily react with water form-
ing a creamy layer. A small amount of oil spill affects the marine
ecosystem due to its toxicity (Peterson et al., 2003). In extreme cold
conditions, natural weathering process such as evaporation and
biodegradation (Wang & Fingas, 2003) rates reduce with increase
in viscosity of oil. There is evaporative loss of about 30% for open
water, 25% for the lighter ice coverage, and 19% for the heavier ice

http://dx.doi.org/10.1016/j.carbpol.2017.03.064
0144-8617/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
0/).
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coverage, due to differences in oil film thicknesses (Brandvik and
Faksness, 2009). To clean up oil in the coastal environment, various
spill containment methods such as use of booms, hard booms, sor-
bent booms, fire booms, skimmers, vacuum trucks, in situ burning,
dispersants (Brakstad et al., 2014), and chemical cleaners are used.

A mixture of oil and water is generally unstable and addi-
tion of surfactants reduces the interfacial tension between the
oil and water by breaking the oil into oil droplets and prevent-
ing coalescence of dispersed oil droplets. A surfactant used in
oil spill treatment can either be adsorbed at the oil-water inter-
faces or form thicker slicks with oil. However, prolonged use of
synthetic surfactants reflects toxic effects on the marine ecosys-
tems (Claireauxa et al., 2013; Lewis & Pryor, 2013; Smit et al.,
2009). Nowadays, replacement of these hazardous chemicals has
been studied, either by using bio-surfactants (Silva et al., 2014) or
biopolymers (Venkataraman et al., 2013) due to their biocompati-
bility, non-toxicity and sustainability in the oil-spill treatment.

Biopolymer chitosan is a deacetylated form of chitin used widely
as a biomaterial in drug delivery and tissue engineering (Martinoa,
Sittingerc, & Risbud, 2005), as a sorbent in waste water treatment
for removal of metals (Bhatnagar & Sillanpää, 2009; Crini, 2005;
Ngaha, Teonga, & Hanafiaha, 2010; Repo, Warchol, Bhatnagar, &
Sillanpää, 2011), and in food industry as it is abundant, versa-
tile, non-toxic, biocompatible and biodegradable (Khora & Lim,
2003). Chitosan has excellent adsorption characteristics due to
the presence of large number of hydroxyl groups, which gives
hydrophilicity and large number of amino groups with high activ-
ity as adsorption sites (Mourya, Inamdar, & Tiwari, 2010). However,
the formation of protonated amino group contributes to the solu-
bility of chitosan in acidic solutions (Bee, Obeid, Mbolantenaina,
Welschbillig, & Talbot, 2016). This variable functionality of amino
groups at different solution pH, can be used to stabilize oil-in-water
emulsions (Colombo, Cavakieri, & Muthupandian, 2015). Emulsion
stability also depends on the hydrophobicity and hydrophilicity of
the particles, so to get oil-in-water emulsion, particles should be
hydrophilic (Tsabet & Fradette, 2015).

Carboxymethylation is a reaction of an alkaline pre-treated chi-
tosan with chloroacetic acid in the presence of isopropanol as a
solvent. The presence of sodium hydroxide in the reaction mixture
results in swelling of chitosan and consequently better diffusion of
chloroacetic acid into the rigid structure of chitosan (Chen, Du, &
Zeng, 2003) and, appropriate amounts of isopropanol together with
water facilitates the reaction (Chen & Park, 2003). Reaction time and
amount of chloroacetic acid and sodium hydroxide have a signifi-
cant effect on the solubility of the carboxymethyl chitosan in water
(Bidgoli, Zamani, & Taherzadeh, 2010). Depending of the reaction
conditions, there is a selectivity substitution site for N- versus O-
carboxymethyl chitosan derivative. Hence, the overall properties of
carboxymethylation is structural dependent and mainly on degree
of substitution (An, Thien, Dong, & Dung, 2009). Carboxymethyl chi-
tosan is used in waste water treatment (Boricha & Murthy, 2010), in
cosmetics (Jimtaisong & Saewan, 2014), in biomedical and pharma-
ceuticals (Chen, Wang, Chen, Ho, & Sheu, 2006) due to its biological
properties, and as a sorbent for removal of metals (Sun & Wang,
2006) and dyes (Wang & Wang, 2008), etc. N,O-carboxymethyl chi-
tosan (NO-CS) is a water soluble derivative of chitosan, enhancing
biodegradability and biocompatibility, physiochemical and biolog-
ical properties (Upadhyaya, Singh, Agarwal, & Tewari, 2013), in
comparison to chitosan. However, the applicability of NO-CS with
degree of substitution lower than 0.5, has not been studied much
for in oil spill treatment.

This study was carried out to investigate the effectiveness of
NO-CS on three different oils by considering dosage, salinity, and
pH. As NO-CS was hydrophilic, the effect of dosage was limited only
to destabilization of oil inhibiting coalescence due to electrostatic
interaction between negatively charged carboxylate ion attached

to amino group of NO-CS and hydrocarbons presented in oil with
oil droplets size less than 100 �m.  Here the amino groups which
were not carboxymethylated remains unaffected. Sodium chloride
was used as an electrolyte to study the salinity effect on NO-CS
solution on oil. Ionic strength of the NO-CS solution increased due
to increase in the salinity. This decreases the critical micelle con-
centration (CMC) of NO-CS for the formation of oil droplets for oil-1
and oil-2 compared to oil-3. Therefore, the amount of NO-CS dosage
decreases with increases in salinity.

The pH effect of NO-CS leading to destabilization of oil droplets
was also studied. At acidic pH, the amino groups (free as well
as carboxymethylated both) were protonated and the negatively
charged carboxylate ions attached to amino groups underwent
electrostatic repulsion towards negatively charged hydrocarbons
forming Winsor type-III (Winsor, 1947) micro emulsions. Whereas
at alkaline pH, those protonated amino groups of NO-CS undergo-
ing electrostatic attraction with the hydrocarbons of oils enhancing
adsorption over formation of oil droplets. The pH of seawater before
industrial era began was about 8.2 (slightly basic) and nowadays
it is about 8.1. So it was important to study the effect of NO-CS
on oil-1, oil-2 and oil-3 at alkaline pH in presence of salinity. The
destabilization of oils using NO-CS was  investigated by this study.

2. Materials and methods

2.1. Materials

Chitosan from crab shells (CAS No. 9012-76-4, Lot #BCBP6349V,
highly viscous, viscosity >400 mPa.s in 1% acetic acid at 20 ◦C),
chloroacetic acid (CAS No. 79-11-8, Lot #SHBD8969V, ≥99%),
hydrochloric acid (CAS No. 7647-01-0, Lot #SZBF2070V, 37%) and
sodium chloride (CAS no. 7647-14-5, Lot #SZBB0170V) were pur-
chased from Sigma-Aldrich Finland Oy. Sodium hydroxide (CAS No.
1310-73-2, Lot #SZBE1130V) and methyl red (CAS No. 493-52-7, Lot
80950) were purchased from Fluka. Isopropanol (CAS No. 67-63-0,
Lot #K40448334) was purchased from Merck. Ethanol (99.5%) was
purchased from Altia Oyj. All chemicals were used without further
purification. Oil-1 is a sulfur-free marine diesel oil (winter grade)
with a density of 828 kg/m3 at 15 ◦C and viscosity of 1.846 mm2/s
at 40 ◦C, which was  received from Fibre and Particle Engineering
Research Unit, University of Oulu, whereas Oil-2 is the diesel (sum-
mer  grade) with a density of 803 kg/m3 at 15 ◦C and viscosity of
2.1 mm2/s at 40 ◦C and Oil-3 is the Neste Marine-2T oil with a den-
sity of 872 kg/m3 at 15 ◦C and viscosity of 8.5 mm2/s at 40 ◦C were
purchased from Neste Oyj, Finland. Deuterium chloride solution
(35 wt.% in D2O, 99 atom-% D, CAS No 7698-05-7, Lot #MBB1157 V)
was obtained from Sigma Aldrich. D2O was obtained from Euriso-
top (99.96% atom-% D, CAS No 7789-20-0, Lot #D215FL0701).
During all the experiments deionized water (Siemens Ultra Clear
RO with Conductivity 0.055 �S/cm) was  used. All the experiments
were carried out at room temperature (21 ◦C).

2.2. Synthesis and characterization

2.2.1. Degree of deacetylation
One of the important chemical characterization of chitosan is

the degree of deacetylation (DDA), which determines the con-
tent of free amino groups in the polysaccharides. The degree of
deacetylation of chitosan from crab shells was determined by acid-
base titration as mentioned in (Barros, Vasconcellos, Carvalho, &
Nascimento, 2014) with some modification. 0.1 g of chitosan from
crab shells was  dissolved in 25 ml  0.1 M HCl solution. This solu-
tion was titrated against 0.1 M NaOH solution using methyl red as
an indicator. For blank reading, the same titration was  performed
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without addition of chitosan. This titration was carried out in trip-
licate. The degree of deacetylation is given by

DDA = (Vinitial − Vused) ∗  0.162 ∗ N ∗ 100
W ∗ (1.00 − LOD)

,

where, Vinitial is the volume of NaOH used in blank titration, Vused
is the volume of NaOH used in sample titration, N is the molarity
of NaOH, W is the weight of sample, LOD is the loss on drying in
chitosan sample.

2.2.2. Synthesis of N,O-carboxymethyl chitosan
N,O-carboxymethyl chitosan (NO-CS) was synthesized based on

previously reported method (Sun et al., 2008) with some modifica-
tion. Briefly, chitosan from crab shells (5 g), sodium hydroxide (5 g),
isopropanol (40 ml), and water (100 ml)  were added in a reaction
flask and allowed to alkalize and swell for 1 h in water bath (IKA
C-MAG HS 7 Digital) at 50 ◦C. Dissolved chloroacetic acid (7.5 g)
in isopropanol (10 ml)  was  added dropwise in the reaction mix-
ture during the next 30 min. The reaction was allowed to continue
at the same temperature for 4 h in order to complete the reaction
between chitosan and chloroacetate which rapidly forms from the
reaction between sodium hydroxide and chloroacetic acid. Then
100 ml  ethyl alcohol (70%) was added to stop the reaction. The prod-
uct was washed with 70–90% ethyl alcohol and dried overnight at
room temperature to give the sodium salt of carboxymethyl chi-
tosan (Na-NO-CS). Na-NO-CS (2 g) was suspended in 200 ml  ethyl
alcohol (80%), 20 ml  hydrochloric acid (37%) was added, and the
mixture was stirred for 1 h. The solid was washed with 70–90% ethyl
alcohol and dried overnight at room temperature to give the prod-
uct (NO-CS). SEM (Hitachi SU3500) was used to study the surface
of the chitosan before and after carboxymethylation at accelerating
voltage of 10 kV.

2.2.3. Degree of substitution
The degree of substitution (DS) also depends on the degree of

deacetylation. The degree of substitution of NO-CS was determined
by using potentiometric titration (Bidgoli et al., 2010; Ge & Luo,
2005) with some modifications. 0.2 g of NO-CS was dissolved in
40 ml  water and the pH was adjusted below 2 by adding 0.1 M HCl
detected by pH meter (WTW pH 341S). The solution was  titrated
against 0.1 M NaOH solution and simultaneously the pH was mea-
sured for each addition of NaOH solution. The amount of NaOH was
determined using the first order differential method. The degree of
substitution was calculated by

DS = (V2 − V1) ∗ DDA

(V3 − V2)

where, V1, V2 and V3 are the respective volumes of NaOH.

2.2.4. Characterization of NO-CS by FTIR and 1H NMR
Chitosan from crab shells and NO-CS were characterized using

Bucker FTIR (Vertex 70) from the range of 400–4000 cm−1 with a
resolution of 4 cm−1 for 60 scans. For NMR  measurement, samples
of chitosan and NO-CS were dissolved in D2O containing 0.7% of DCl
and placed in 5 mm  NMR  tubes. The 1H NMR  spectra were recorded
by using Bruker Ascend 400 MHz  spectrometer and standard proton
parameters with the delay time (d1) of 6 s at 70 ◦C.

2.3. Effect of dosage

For this study, different dosages of NO-CS (0–50 mg)  were dis-
solved in water. Oil-1 was added in each and every NO-CS dosage
solution, so that the concentration of NO-CS to oil was  about
0–65 mg/g. The ratio of oil to water was 1:10, which remained
constant throughout the study. The same procedure was  repeated
for oil-2 and oil-3. All the solutions were shaken at 2000 rpm with

vortex mixture (VWR International) for 30 s and then 300 rpm for
30 min  with shaker (using KS 4000 ic control from IKA) in order to
study the formation of oil droplets with respect to NO-CS dosage.
The mixture was  allowed to saturate for 2 h and then centrifuged
(Eppendorf 5810R) for 5 min  at 1500 rpm. After centrifugation, sep-
arated oil was  removed and weighed again. This procedure was
repeated in triplicate. Oil droplet size was  measured using optical
microscope (Zeiss Axio using the camera unit Axio CamERc5s by
ZEN software).

2.4. Effect of salinity

Different dosages of NO-CS (0–25 mg)  were dissolved in saline
water having concentration from 0 to 3.5%. Oil-1 was  added to
each concentration having different dosage of NO-CS (so that the
concentration of NO-CS to oil was about 0–35 mg/g). The ratio of
oil to water was 1:10, which remained constant throughout the
study. The same procedure was  repeated for oil-2 and oil-3. All
the solutions were shaken at 2000 rpm with vortex mixture (VWR
International) for 30 s and then 300 rpm for 30 min  with shaker
(using KS 4000 ic control from IKA) in order to study the behavior
of NO-CS in the presence of salinity in destabilizing the oils. The
oil-in-water solution was saturated for 2 h and then centrifuged
(Eppendorf 5810R) for 5 min  at 1500 rpm. The separated oil was
removed and weighed again. The same was repeated in triplicate.
Oil droplet sizes were measured using optical microscope (Zeiss
Axio using the camera unit Axio CamERc5s by ZEN software) in
order to show the effect of salinity.

2.5. Effect of pH

Effect of hydrophilic NO-CS was  studied with respect to pH. NO-
CS (10–15 mg)  was  dissolved in water and pH of the solution was
adjusted with either 0.1 M HCl solution or 0.1 M NaOH solution by
using pH meter (WTW pH 341S). Oil-1 was added to each NO-CS
solution having different pH (3–9). The ratio of oil to water was
1:10, which remained constant throughout the study. The same
procedure was repeated for oil-2 and oil-3. All the solutions were
shaken at 2000 rpm with vortex mixture for 30 s and allowed to
saturate for 2 h. The effect of different pH solution of NO-CS on oils
was studied using Optical microscope (Zeiss Axio using the camera
unit Axio CamERc5 s by ZEN software).

2.6. Adsorption of oil

Adsorption was studied from the optimized conditions of dosage
and pH with different salinity for NO-CS polymer. Sea water has
a salinity of about 3.5% of dissolved salts, mainly in the form of
sodium and chloride ions. Hence, this study was carried out to show
the behavior of NO-CS in presence of salinity up to 3%. NO-CS solu-
tions (0.10–0.15%) were prepared with different salinity (0–3.5%)
with pH about 9. pH was adjusted using 0.1 M NaOH by pH meter
(WTW pH 341S). Oils were separately added to NO-CS solutions
and shaken at 2000 rpm with vortex mixture for 15 s. After that,
the pH was adjusted to 7.5–8 by addition of 0.1 M HCl and mixed
for 15 s with the same speed. The mixture was allowed to saturate
for 2 h and adsorption was studied using Optical microscope (Zeiss
Axio using the camera unit Axio CamERc5s by ZEN software).

3. Results

3.1. Degree of deacetylation and degree of substitution

The measured degree of deacetylation of chitosan from crab
shells was 74%, with reproducibility of less than 5% of standard devi-
ation. The process of deacetylation involves the removal of acetyl



B. Doshi et al. / Carbohydrate Polymers 167 (2017) 326–336 329

Fig. 1. Potentiometric titration for NO-CS with three inflection points.

groups from the molecular chain of chitin, leaving behind amino
group (-NH2) (Khan, Peh, & Ch’ng, 2002) and chitosan versatility
depends mainly on this highly reactive amino groups. Therefore,
it was essential to determine degree of deacetylation prior to its
utilization for oil spill treatment.

The degree of substitution was 0.40, which indicates that by
increasing the ratio of water/isopropanol in the reaction solvent,
the fraction of carboxymethylation decreases by increasing the
insolubility of NO-CS at higher pH range (Chen & Park, 2003). This
insoluble region was either due to aggregation of highly acety-
lated chain segments or to amide formation subsequent to thermal
drying. Three inflection points in the titration curve of NO-CS as
shown in Fig. 1, is due to the oppositely ionizable carboxyl and
amino groups, which coexist onto the same polysaccharide chains
because of the carboxymethylation (Wang, Chen, Liu, Liu, & Zhou,
2008). First inflection point in Fig. 1, occurs due to neutralization
of excess of HCl, followed by deprotonation of carboxylate ion and
then deprotonation of ammonium ion of NO-CS.

The overall potentiometric titration of NO-CS can be expressed
as follows:

Where R is the glucopyranose unit of NO-CS.
In NO-CS, part of NH2 or NHCH2COOH groups exists in the

form of NH3
+ or NH2

+CH2COOH and so increase in carboxylic
acid content in NO-CS, lowers the degree of substitution (Kong,
2012).

3.2. Structural characterization of NO-CS

3.2.1. SEM analysis
The surface morphology of chitosan before and after car-

boxymethylation was studied. SEM images of the chitosan surface
before and after carboxymethylation are shown in Fig. 2.

3.2.2. FTIR analysis
The FTIR spectra for chitosan from crab shells (Fig. 3A) and NO-

CS (Fig. 3B) were analyzed to determine the carboxymethylation
process and possible substitution site of carboxymethylation in
NO-CS as shown in Fig. 3. For NO-CS, the wide band at 3301 cm−1

corresponds to the axial stretching of the O H and N H bonds
(An et al., 2009) which shows more hydrophilic character of

NO CS compared to chitosan (Lusiana, Siswanta, & Mudasir, 2014).
The peaks at 2887 cm−1 corresponds to the axial stretching of
the C H bonds (Kong, 2012) and 1734 cm−1 corresponds to the
symmetric stretching vibration of C O in the COOH groups,
which was not found in chitosan. Two bands at 1624 cm−1 and
1519 cm−1 assigned to NH3

+, indicates that the carboxymethyla-
tion occurred at OH position only (Mourya et al., 2010). In contrast,
the peak at 3301 cm−1 of NO-CS (Fig. 3A) is broader than chi-
tosan (Fig. 3B), shows the presence of secondary amine indicating
the carboxymethylation had also occurred at NH position in NO-
CS. The peak at 1377 cm−1 was  related to the symmetric angular
deformation of C H bonds. The stretching vibration of C O in
CH2COOH group gives rise to the peak at 1249 cm−1, which was
not observed in chitosan. The peaks, in the range of 1150–897 cm−1

are the results of vibrations of C O and C O C of the polysaccha-
ride chain also observed in chitosan. From FTIR, it is confirmed that
the carboxymethylation takes place only at both amino groups and
hydroxyl groups.

3.2.3. 1H NMR analysis
The 1H NMR  spectra of chitosan and NO-CS are presented in

Fig. 4. The spectrum of NO-CS shows the same characteristic pro-
ton signals as can be seen in chitosan spectrum. However, two
new signals can be found in the spectrum of NO-CS compared to
chitosan. The peaks at 3.78 and 4.61 ppm are assigned to N CH2-
and O CH2- protons at 2- and 6-positions, respectively (Chen &
Park, 2003; Abreu & Campana-Filho, 2005). Thus, the NMR  data also
supports the interpretation of FTIR data that both the amino and
hydroxyl groups at the 2- and 6-positions are partly carboxymethy-
lated. Based on the integrals of peaks at 3.78 and 4.61 ppm, the ratio
of carboxymethyl substituents at 2-N position to carboxymethyl
substituents at 6-OH position is 5:7.

3.3. Effectiveness of NO-CS as a function of dosage

NO-CS is hydrophilic chitosan derivative and increase in the
dosage leads to crowding effect of micelles, which increases the
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Fig. 2. SEM images of chitosan surface before and after carboxymethylation were taken at accelerating voltage of 10 kV. (A), (B), (C) are Chitosan images taken at 500 �m,
200  �m and 20 �m of magnifications and (D), (E), (F) are NO-CS images taken at 500 �m,  200 �m and 20 �m of magnifications.

viscosity of the solution. Fig. 5A shows the effect of dosage on the
formation of oil droplets for all three oils. Fig. 5B and C show that,
in the absence of NO-CS, oil-in-water emulsion was  not stable as
it undergoes coalescence forming two separate phase with oil-1
and oil-2 after saturation. Initial interfacial tension between NO-CS
(0.1% solution) and oils was 19.77, 19.01 and 20.45 mN/m at 20 ◦C
respectively, which was measured by pendant drop method (Opti-
cal contact angle measuring instrument, DataPhysics OCA 15EC
Series). In the presence of NO-CS, oils undergo the Winsor type-
III micro emulsions by destabilization of oil into droplets with less
than 100 �m measured by Optical microscope. NO-CS, with dosage
of 20 mg/g destabilized 96% of oil-1 into small droplets, whereas
25 mg/g was needed to destabilize oil-2 with 37% of oil separa-
tion (Fig. 5A), which is critical micelle concentration (CMC) for

oil-1 and oil-2 after which interfacial tension is independent of
the concentration. This was  because at lower concentration, the
o/w emulsion was  not very stable, as the amount of amphiphilies
was not enough to cover the interface. For concentrated solutions,
the stabilization of emulsion occurs because of the formation of
a tighter monolayer with adsorbed species and stronger interpar-
ticle interactions inhibiting the coalescence of emulsion droplets
in highly viscous medium. Oil-3, being highly viscous among the
three, consists of alpha-olefins and paraffins which forms creamy
layer with water even though NO-CS is absent, and small amount
of NO-CS (5 mg)  converts creamy layer to emulsified precipitates
(Fig. 5D). Oil droplets formation for oil-3 with 10 mg/g of NO-CS is
shown in Fig. 5E.

Fig. 3. FTIR Spectra (A) Chitosan and (B) NO-CS.
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Fig. 4. 1H NMR  Spectra (A) Chitosan and (B) NO-CS.
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Fig. 5. (A) Effect of dosage in formation of oil droplets for oil-1, oil-2 and oil-3, (B) Oil-1 with 15 mg NO-CS (Dos-3) and without NO-CS in water (C) Oil-2 with 20 mg  NO-CS
(Dos-4) and without NO-CS in water (D) Oil-3 with 5 mg  NO-CS (Dos-2) and without NO-CS in water (E) Oil-3 with 10 mg NO-CS.

3.4. Effectiveness of NO-CS as a function of salinity

Destabilization of the oil with increasing salinity was  studied
by measuring the size of the droplets after mixing. As the salin-
ity increases, the solubility of NO-CS drops the CMC. Hence, lower
ionic strength solutions favor emulsion stability (Wang & Alvarado,
2012). In contrast, increase in salinity forms electric double layer
due to presence of ions in the aqueous phase and forming elec-
trostatic repulsion with the carboxylic ions favoring hydrophobic
interactions among the NO-CS polymer. With increase in salinity
from 0.5% to 2%, there was  a significant drop in formation of oil-
droplets for oil-2 (Fig. 6B) compared to oil-1 (Fig. 6A). Whereas, the
increase in salinity from 2% to 3%, shows slight more drop in the for-
mation of oil-droplets for oil-1 compared to oil-2 may  be because
of the insolubility of NO-CS. For 3.5% salinity, the oil-droplets for-
mation for oil-1 was about 48% and that of oil-2 was  about 37%.
Overall droplet size was less than 40 �m for oil-1 and Fig. 6D shows

that in 1.5% saline solution 25 mg  of NO-CS destabilized oil to form
droplets of less than 30 �m whereas oil droplets of less than 50 �m
were formed in 1% saline solution of 15 mg  NO-CS. Overall droplet
size was less than 75 �m for oil-2. Oil-3 consists of unsaturated
hydrocarbons, and addition of electrolyte in small portion under-
goes addition reaction, inhibiting the oil droplets formation more
than 50% drop in comparison with 0% salinity. Droplet size with 1%
salinity of 10 mg  NO-CS was  less than 35 �m as shown in Fig. 6F.
Increase in salinity changes the formation of oil droplets but it does
not affect the oil droplets size significantly.

3.5. Effectiveness of NO-CS as a function of pH

NO-CS was  soluble in deionized water and pH of this solution
was 3.5–4.5. It has been found that oil sorption on organic sor-
bent is highly affected by pH value (Rajakovic-Ognjanovic, Aleksic,
& Rajakovic, 2008), as pH has a strong influence on the surface of
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Fig. 6. Effect of salinity on formation of oil droplets (A) for Oil-1 (B) for Oil-2 (C) for Oil-3 and Microscopic images for o/w emulsion were (D) for 25 mg NO-CS with 1.5%
Salinity  for Oil-1 (E) for 15 mg  NO-CS with 1% Salinity for Oil-2 (F) for 10 mg  NO-CS with 1% Salinity for Oil-3.
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Fig. 7. Effect of pH on oil droplets (A) Oil droplets formation at pH 6 followed by adsorption at pH 9 for Oil-1 (B) Oil droplets formation at pH 5 followed by adsorption at pH
8  for Oil-2 (C) Oil droplets formation at pH 4 followed by adsorption at pH 8 for Oil-3 (D) Microscopic image for Oil-1 at pH 8.

NO-CS due to active amino groups. In acidic conditions, a positive
charge on the surface of NO-CS is formed due to protonation of
the amino group, leading to interaction with negative charge of the
hydrocarbon present in oils (Lusiana et al., 2014). Hence, Winsor
type-III micro emulsions of oils was observed at acidic pH with oil-
1 (Fig. 7A), oil-2 (Fig. 7B) and oil-3 (Fig. 7C). Increasing pH has a
strong influence on the surface of NO-CS. Due to low DS, NO-CS
starts to precipitate at pH > 6.5. At alkaline pH, deprotonation of
amino groups of NO-CS leads to destabilization of oil-1 (Fig. 7A),
oil-2 (Fig. 7B) and oil-3 (Fig. 7C) and enhancing adsorption due to
electrostatic attraction of NO-CS with hydrocarbon of oils. Addi-
tionally, the negative charge of hydrocarbon present in oils will pull
the positive charge of the amino groups of NO-CS, not substituted
completely (Lusiana et al., 2014) by enhancing adsorption at oil and
water interface in presence of NO-CS. Fig. 7D is the microscopic
image showing the adsorption of oil-1 at pH 8.

3.6. Adsorption of oils by NO-CS

Adsorption is the one of the important step for the removal of
oil from water. At alkaline pH the polymer re-precipitates because
of lower carboxymethylation rate and decrease in ionic strength
of the solution. Addition of salinity, increases the ionic strength
of the solution and protonates the amino groups of NO-CS and
hence enhances the adsorption rate. The presence of positively
charged surface on NO-CS lowers the interfacial tension between
two phases by stabilizing the droplets against coalescence by elec-

trostatic repulsion. Fig. 8A shows the adsorption of oil-1 with 0.10%
NO-CS solution with 2% salinity at pH 8 after drying the adsorbed oil.
The adsorption of oil-2 was less than that of oil-1, due to presence
of higher rate of polyaromatics and lower density. Fig. 8B shows
the adsorption of oil-2 with 0.10% NO-CS solution with 0.5% salin-
ity and Fig. 8C shows the adsorption of oil-3 with 0.15% NO-CS
solution with 3% salinity. Addition of few drops of 0.1 M HCl gives
lumps of oil as shown in Fig. 8D. This addition of HCl shows the
ion exchange effect in o/w emulsion, which leads to NO-CS adsorp-
tion on to the surface of more than one droplet and linking them
together to form bridging flocculation between the NO-CS and o/w
emulsion droplets. This was studied to show the acidification effect
on to oil-in-water emulsion and to extend its applicability to ocean
acidification as this could affect most fundamental biological and
chemical processes of the sea in coming decades.

4. Conclusions

This study explains how water soluble NO-CS with degree of
substitution 0.40, breaks the dispersed phase into droplets by ris-
ing them to the surface resisting droplets to coalescence. For marine
Diesel and Diesel, oil droplets of less than 100 �m were formed with
20–25 mg/g of NO-CS, whereas only 5 mg/g of NO-CS was  needed
for Marine 2T oil to form oil droplets of less than 100 �m.  Addi-
tion of salinity reduces the dose of NO-CS to about 10–15 mg/g
for marine Diesel and Diesel to form oil droplets and there was a
reduction in formation of oil droplets with increasing salinity, but
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Fig. 8. Microscopic Images for Adsorption of Oil (A) 0.1% NO-CS with 2% Sal Oil-1 (B) 0.1% NO-CS with 0.5% Sal Oil-2 (C) 0.15% NO-CS with 3% Sal Oil-3 (D) Lumps of oil after
addition  of 0.1 M HCl for 0.15% NO-CS with 2% Sal Oil-1.

it does not affect the oil droplets size significantly NO-CS behavior
differs in acidic and alkaline medium. In acidic pH, NO-CS forms
Winsor type-III micro emulsions in a separate phase between oil
and water, which contains NO-CS, water and dissolved hydrocar-
bons from oils enhancing oil recovery process. Whereas in alkaline
pH, it shows destabilization of oil followed by adsorption because of
the removal of carboxylate ion by deprotonating the amino groups.
This derivative was most effective with marine diesel and at the
least with diesel, because density of marine Diesel > Marine 2T
oil > Diesel. Therefore, the applicability of the synthesized NO-CS,
can be extended to sea-water for the removal of marine diesel as a
part of oil spill response.
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a b s t r a c t

Spills due to the floating oil on the surface of sea water shows a significant alteration in the natural
phenomenon of the marine ecosystem. Hence, amphiphilic sodium salt of oleoyl carboxymethyl chitosan
(NaO-CMCS) was synthesized, characterized and studied as a sustainable adsorbent for the removal of
floating oil in the oil spill treatment. Successful chemical modification of chitosan was confirmed by
chemical analysis using Fourier Transform Infrared (FTIR), 1H Nuclear Magnetic Resonance (1H NMR),
Scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS) and Elemental
Analyzer. The effect of pH and salinity on the surface charge of NaO-CMCS was studied. Marine diesel was
chosen as an oil phase for the emulsion studies. Hydrophobically modified NaO-CMCS shows the oil-in-
water (o/w) emulsion stability for more than 6 weeks with droplet size � 30 mm which increases with
decreasing temperature. The behavior of emulsion with different salinity shows phase separation at pH 5,
bridging flocculation at pH 6e7 and o/w emulsion at pH 8. Calcium ions act as a cross-linker between
two carboxylic acid groups of NaO-CMCS, enhancing the removal of oil from the creamy emulsion. The
recovery of oil was 75e85% and 19e49% from deionized water and sea water, respectively. Oil was not
chemically altered during the recovery, demonstrating the effectiveness of this derivative in the oil spill
response for the removal and recovery of floating oil from the sea water.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oceans are the world's largest water resource getting polluted
by oil either in the form of routine shipping or industrial run-offs or
oil spills, which become a severe environmental threat. Out of
these, about 12% of oil entering the oceans is due to oil spill. In past
37 years, Exxon Valdez in 1987 and Deep Horizon in 2010 were
among the largest oil spill disasters in the history. Not only the
water surface, but also the marine creatures (U.S. Fish and Wildlife
Service, 2004) and seashores were trapped through this spilled oil
(Hong and Yanjie, 2009; Jernel€ov, 2010). Scientists studying the fate
of the oil estimated that 20% evaporated, 50% biodegraded, 14% was
cleaned up, 13% remained in subtidal sediments, 2% remained on
shorelines, and less than 1% remained in the water (Wolfe et al.,

1994). Cleanup is the first step towards the recovery process and
therefore, various spill contaminant methods such as use of booms,
skimmers, vacuum trucks, in-situ burning, dispersants, and
chemical cleaners were used for the cleaning up of the spilled oil.
Amongst them, use of oil dispersants such as Corexit 9500A and
Corexit 9527A were commonly used for the Deep Horizon oil spill.
However, these materials turned out to be toxic and had adverse
effect on the aquatic life (Graham et al., 2016), which has led the
researchers to develop more and more non-toxic and biodegrad-
able biomaterials for the oil spill response (Zhang et al., 2013b;
Zhang et al., 2014).

Chitosan, being a deacetylated form of chitin obtained from the
crustaceans of crabs and shrimp shells, is an effective bio-
macromolecule consisting both reactive amino and hydroxyl
groups. In addition, chitosan is a charged biopolymer that is capable
of adsorbing oppositely charged emulsion droplets via electrostatic
attraction. This behavior of chitosan is based on the presence of
both the main polysaccharide backbone and the N-acetyl groups at
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C2 position. Therefore, fully protonated chitosan tends to form
aggregates through hydrogen of amino groups and hydrophobic
interactions in acidic conditions (Aranaz et al., 2010), and hence,
acts as a good emulsifier (Liu et al., 2012). The water solubility of
chitosan was improved through chemical modifications of these
functional groups either by Michael addition reaction (Jianga et al.,
2010), or by enzymatic and chemical grafting, and similar property
of chitosanwas also reviewed (Pillai et al., 2009; Shukla et al., 2013).
Physically and chemically modified chitosan either in the form of
beads (Mubarak et al., 2017), coated (Nawi et al., 2010), or cross-
linked (Repo et al., 2011; Jawad and Nawi, 2012; Jawad et al.,
2017) has been widely studied and reviewed (Bhatnagar and
Sillanp€a€a, 2009; Pintor et al., 2016; Kyzas and Bikiaris, 2015) for
the removal of pollutants from water, in food industry (No et al.,
2007; Ngo et al., 2015), in biomedical (Sonia et al., 2010; Dash
et al., 2011), and in cosmetics (Rinaudo, 2006).

Many factors such as type of oil, thickness of the oil deposition,
geographical parameters, biological communities and type of
cleanup have been considered for the determination of oil spills
impacts and recovery rates (Dicks, 1999). Some oils with volatile
chemicals can easily be evaporated, some oil components can be
broken by sunlight through photochemical reaction and some can
be biodegraded by microbes (Farrington and McDowll, 2004).
However, viscous and heavy oils like petroleum crude oil and heavy
fuel oil, which cannot be evaporated easily, may form the blanket
covering areas on the water surface causing a significant threat to
the birds and mammals. So, spilled oil spread out on the water
surface forming a thin layer, from which some lighter components
evaporate whereas some water soluble components dissolve, and
some transform to droplets through wave action by forming
emulsion. The formation and stability of emulsion also depends on
the nature of oil used, e.g., its interfacial tension, polarity, water
solubility, and rheology (Jumaa and Müller, 1998; Langevin et al.,
2004). A mixture of oil and water is generally unstable for emul-
sion and hence addition of surfactants, which reduce the interfacial
tension between the oil and water to form a stable emulsion by
preventing coalescence of dispersed oil droplets is mandatory. A
surfactant used in oil spill treatment can either be adsorbed at the
oil-water interfaces or form thicker slicks with oil. However, pro-
longed use of synthetic surfactants is not feasible as it reflects toxic
effects on the marine ecosystems (Smit et al., 2009). Thus, nowa-
days, bio-surfactants or biopolymers, due to their biocompatibility,
non-toxicity and sustainability, are focused more in the oil-spill
response rather than synthetic surfactants.

Amphiphilic chitosan derivative comprise of both polar and
non-polar groups along with the glucosamine backbone, so when
adsorbed to the oil droplet surface, the polar part extends towards
the aqueous phase and non-polar part towards the oil phase
(McClements and Gumus, 2016). Various methods such as alkyl-
ation (Auz�ely and Rinaudo, 2003; Huo et al., 2011), acylation (Sun
et al., 2008), and grafting (Sun et al., 2003; Yang et al., 2012; Jena
and Sangamwar, 2016) have been used to prepare amphiphilic
chitosan by introducing hydrophobic moieties onto the carbox-
ymethylated chitosan backbone. For an amphiphilic copolymers,
longer hydrophobic chains along with larger hydrophilic groups
helps to stabilize the micelle structure (Li et al., 2011). Therefore,
from past few years naturally occurring biopolymers such as chi-
tosan present in sea food waste (Ummadisingu and Gupta, 2012) or
fungal biomass (Srinivasan and Viraraghavan, 2010) along with
their derivatives either in the form of hydrogel/aerogel (Sokkera
et al., 2011; Chaudhary et al., 2015) or microspheres (Grem et al.,
2013) or grafted (Zhang et al., 2013a; Lü et al., 2015) have been
studied more for oil spill. But as per our knowledge, the sodium
form of amphiphilic chitosan for oil spill has not yet been studied.

The aim of this study was to investigate effectiveness of sodium

form of amphiphilic chitosan obtained by carboxymethylation and
acylation as an emulsion stabilizer for floating oil onto the water
surface through minimization of one synthesis step. Sodium salt of
oleoyl carboxymethyl chitosan (NaO-CMCS) was synthesized by
introducing hydrophobic groups on amino groups of hydrophilic
sodium salt of carboxymethylchitosan (Na-CMCS). After the mod-
ifications, amphiphilic NaO-CMCS was hydrophilic in nature. The
solubility of this synthesized polymer was reversed than that of
chitosan, i.e. it was insoluble at pH < 6. Themolecular structure was
analyzed by Fourier Transform Infrared (FTIR), 1H Nuclear Magnetic
Resonance (1H NMR), Scanning electron microscopy (SEM), Energy
dispersive X-ray spectroscopy (EDS) and Elemental Analyzer. Binks
et al., 2006 had explained that the particle wettability at the oil-
water interface alters by changing the pH or salt concentration.
Therefore, surface charge of NaO-CMCS was investigated at
different pH with different ionic strength.

Oil-in-water (o/w) emulsion was obtained using marine diesel
as a dispersed phase. Interfacial tension (IFT) between the aqueous
phase and dispersed phase was investigated by the addition of
NaO-CMCS. The formation of o/w emulsion and its stability was
studied at room temperature (about 22 �C) for six weeks by
measuring the average oil droplet size periodically as well as at
lower temperature (2 �C) to extent its applicability for arctic oil spill
also. Addition of hydrophobicmoiety to Na-CMCS alters the average
oil droplet size in comparison to our previous work (Doshi et al.,
2017) by making the o/w emulsion more stable. Furthermore, the
stability of o/w emulsions was studied with the optimized dosage
of NaO-CMCS at pH range (5e8) with different salinity (0e3.5%) to
build equivalent condition as seawater oil spill. Recovery of oil from
the stabilized o/w emulsions was investigated by using calcium
chloride as a cross-linker to show the effectiveness of NaO-CMCS as
a biopolymer cleaner for the floating oil. Recovered oil was further
studied by FTIR and Gas Chromatography using Flame ionization
detector (GC-FID). The chitosan derivative after cross-linking was
investigated by SEM and EDS analysis.

2. Experimental

2.1. Materials

Chitosan from shrimp shells (practical grade, MW
190000e375000 Da; �75% deacetylated; viscosity >200 cP, CAS
No. 9012-76-4, Lot # SLBL3564V, PubChem CID: 71853), chloro-
acetic acid (�99%, CAS No. 79-11-8, Lot #SHBD8969V, PubChem
CID: 300), oleoyl chloride (�89%, CAS No. 112-77-6, Lot
#SHBF3232V, PubChem CID: 5364783), sodium chloride (CAS no.
7647-14-5, Lot #SZBB0170V, PubChem CID: 300), acetone (�99.5%,
CAS No. 67-64-1, Lot #STBG1776V, PubChem CID: 180), and calcium
chloride dihydrate (�99%, CAS No. 10035-04-8, Lot #SLBM8013V,
PubChem CID: 329775159) were purchased from Sigma-Aldrich
Finland Oy. Sodium hydroxide (NaOH) (CAS No. 1310-73-2, Lot
#SZBE1130V, PubChem CID: 14798) was purchased from Fluka.
Isopropanol (IPA) (CAS No. 67-63-0, Lot #K40448334, PubChem
CID: 3776) was purchased from Merck. Ethanol (99.5%) was pur-
chased fromAltia Oyj. Deuterium chloride solution (35wt. % in D2O,
99 atom-% D, CAS No 7698-05-7, Lot #MBB1157V, PubChem CID:
122198780) was obtained from Sigma Aldrich. D2O was obtained
from Euriso-top (99.96% atom-% D, CAS No 7789-20-0, Lot
#D215FL0701, PubChem CID: 24602). All chemicals were used
without further purification. The marine diesel (sulfur-free oil with
a density of 828 kg/m3 at 15 �C and viscosity of 1.846 mm2/s at
40 �C) was received from Fibre and Particle Engineering Research
Unit, University of Oulu. Deionized water (Siemens Ultra Clear RO
with Conductivity 2.1 mS/cm at 23.8 �C) was used throughout the
experiments. Sea water (Conductivity 8.46 mS/cm and pH 7.844 at
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22.3 �C) collected from the area near to Matinkyl€a Espoo, Finland
was used only for the recovery of oil experiments.

2.2. Synthesis of NaO-CMCS

Carboxymethylated chitosan was crosslinked with long chained
hydrocarbon, to form amphiphilic chitosan having hydrophilic and
hydrophobic groups. The two steps reaction is shown in Fig. 1.

2.2.1. Synthesis of sodium salt of carboxymethyl chitosan (Na-
CMCS)

Na-CMCS was synthesized based on previously reported
method (Doshi et al., 2017; Chen and Park, 2003) with some
modification. Briefly, chitosan from shrimp shells (4 g) was alkal-
ized at 50e55 �C for 1 h with the mixture of NaOH (5.6 g), IPA
(96 ml), and water (24 ml) using water bath (IKA C-MAG HS 7
Digital). Chloroacetic acid (6 g) dissolved in IPA (8 ml) was added to
the reaction mixture over a period of 30 min, and the reaction was
continued for 3 h at the same temperature. Then, 70% ethanol
(50 ml) was added to stop the reaction. The solution was centri-
fuged at 1500 rpm for 2 min (using Centrifuge 5810R from
Eppendorf). The supernatant was removed and the solid was
washed with increasing concentration of ethanol (70e90%) for
three times using same centrifugationmethod, and dried overnight
at room temperature. The obtained product was Na-CMCS as
shown in step-1 of Fig. 1.

2.2.2. Synthesis of sodium salt of oleoyl carboxymethyl chitosan
(NaO-CMCS)

NaO-CMCS was synthesized based on previously reported
method (Sun et al., 2008) with some modifications. Na-CMCS
(2.3 g) was soaked in acetone (10 ml) for 1 h at 5 �C. Dissolved

oleoyl chloride (2.6 ml) in acetone (2.6 ml) was added along with
4M NaOH solution (10 ml) to the reaction mixture dropwise over a
period of 30 min. Acetone (20 ml) was added to the reaction
mixture and the reaction was continued for 3 h at same tempera-
ture. To stop the reaction, 70% ethanol (60 ml) was added. The
workup was carried out as mentioned in section 2.2.1. The product
NaO-CMCS shown in step-2 of Fig. 1 was grounded in the tube mill
to remove lumps of particles formed during the drying process.

2.3. Characterizations

FTIR images of chitosan, Na-CMCS and NaO-CMCS were recor-
ded in the range of 400e4000 cm�1 with a resolution of 4 cm�1 for
60 scans (ATR-FTIR, Bruker Vertex 70 model) to investigate the
functional groups changes in chitosan due to modifications with
chloroacetic acid and oleoyl chloride. Samples were measured
without any further treatment. For 1H NMR measurements, sam-
ples of Na-CMCS and NaO-CMCS were dissolved in D2O containing
0.7% of DCl and placed in 5 mm NMR tubes. The 1H NMR spectra
were recorded by using Bruker Ascend 400 MHz spectrometer and
standard proton parameters with the delay time (d1) of 6 s at 70 �C.
Surface morphology of chitosan and its derivatives were studied by
SEM analysis using Hitachi SU3500 at accelerating voltage of 10 kV.
Elemental distribution and composition were examined by EDS
(Thermo Scientific UltraDry SDD EDS, dual detector with Software
NSS at 15.0 kV accelerating voltage using Aluminium sample
holder) and CHNS-Elemental Analyzer (Thermo Flash 2000 using
tin sample holder). The degree of substitution was calculated from
the CHNS elemental analysis as follows:

DS1 ¼
�
C
N

�
Na� CMCS� �

C
N

�
Chitosan

estimated no: of carbon atoms in Na� CMCS
(1)

DS2 ¼
�C
N

�
NaO� CMCS� �C

N

�
Na� CMCS

estimated no: of carbon atoms in NaO� CMCS
(2)

where DS1 and DS2 are the degree of substitution of Na-CMCS and
NaO-CMCS, respectively. (C/N) are the mol. ratio of carbon to ni-
trogen obtained from CHNS analysis. The BET surface area of chi-
tosan and NaO-CMCS was determined by nitrogen (N2) adsorption-
desorption method at 77.35 K using Micromeritics Tristar II plus
instrument. The samples were degassed using Vac Prep 061
degassing unit with nitrogen at 30 �C for 18 h prior to the mea-
surements. The total pore volume and average pore diameter were
determined by the amount of nitrogen adsorbed at the relative
pressure of 0.95 and BET (4V/A), respectively.

2.4. Effect of pH and salinity on surface charge

The amount of charge on the particle surface is the important
characteristic of the particles as it determines the behavior of the
emulsion. Therefore, the effect on surface charge of NaO-CMCS was
studied as a function of pH with increasing salinity. Firstly, solid
NaCl was added to NaO-CMCS solution (1 g/L) to increase the
salinity from 0% to 3.5%. This solution was mixed for 5 min and pH
was adjusted with 0.01 M HCl using pH meter (WTW InoLab,
calibrated before use). The studied pH range was in between 4 and
10. All the measurements were recorded in triplicate usingMalvern
Zetasizer (Nano ZS, Malvern UK) at 25.0 ± 0.1 �C.

2.5. o/w emulsion stability

For this study, different dosage of NaO-CMCS (0.5e3 g/L) were
used. Simultaneously, marine diesel was mixed with water atFig. 1. Shows the two steps synthesis of NaO-CMCS from chitosan.
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2000 rpm using vortex mixture (VWR International) to form the o/
w emulsion. The oil to water ratio was 1:1 (v/v). To this o/w
emulsion, solution of NaO-CMCS was added. This was again mixed
at 2000 rpm for 30 s. The oil droplet size of o/w emulsion was
measured immediately aftermixing using optical microscope (Zeiss
Axio using 206 the camera unit Axio CamERc5s by ZEN software).
Then the o/w emulsion was allowed to saturate and oil droplet size
and stability of emulsion was studied periodically for six weeks.
The oil droplets size after mixing, after 2 h stability and 6 weeks
saturation was also measured by laser diffraction particle size
analyzer (Malvern Mastersizer 3000 with Hydro SV unit, UK). The
mean droplet diameter at D[4,3] was taken from five replicate
measurements as the volumemean diameter, and themagnitude of
the droplet size distribution is expressed by the span, defined as

Span ¼ ½Dxð90Þ � Dxð10Þ�
Dxð50Þ (3)

where Dxð10Þ, Dxð50Þ, and Dxð90Þ denote the equivalent volume
diameters at 10%, 50%, and 90% cumulative volume. The same
procedure was repeated by storing all the solutions at lower tem-
perature (2 �C).

2.6. Effect of pH and salinity on o/w emulsion

The 10 mL of optimized dosage of NaO-CMCS (1 g/L) was used
through the study. To the optimized NaO-CMCS solution, solid NaCl
(0e350 mg) was added. These solutions were mixed for 5 minwith
magnetic stirrer (2 mag MIX 15, Germany) and pH was adjusted
with 0.01 M HCl using a pH meter (WTW InoLab, Germany). The
studied pH were from 5 to 8. Simultaneously, marine diesel and
water (1:1 v/v) were mixed at 2000 rpm using a vortex mixture
(VWR International) to form the o/w emulsion. To this o/w emul-
sion, previously prepared NaO-CMCS solution was added sepa-
rately. These were again mixed at 2000 rpm for 30 s. The emulsions
were kept for about one month. All the experiments were carried
out at room temperature.

2.7. Recovery of marine diesel

Recovery of oil from the emulsified water has a significance
value for the oil spill response. Here both, deionized water and sea
water were used for the o/w emulsion (oil:water is 1:1 v/v). The o/
w creamy emulsions were prepared as per section 2.5 with
different dosage of NaO-CMCS (0.5e5 g/L). The stabilized o/w
creamy emulsion was collected and 10 ml calcium chloride dihy-
drate solution (0.1%) was added to it. Themixtures were kept for 1 h
to stabilize naturally. All the experiments were carried out at room
temperature in triplicate. The separated oil was collected (using
micropipette from Sartorius), weighed and the recovery of the oil (R
%) was calculated as follows:

R% ¼ 100�
�
Ci � Cr

Ci
*100

�
(4)

where Ci and Cr are the initial and recovered amount of oil.
Recovered oil was characterized using FTIR and GC-FID. GC-FID
parameters are mentioned in Supplementary Material (SM8). The
NaO-CMCS crosslinked with calcium was collected and dried, and
SEM and EDS analysis were performed (using the same instruments
as mentioned earlier in section 2.3).

3. Results and discussion

Chitosan is a multi-nucleophilic polymer due to the presence of

the hydroxyl and amino functional groups. Introduction of car-
boxymethyl groups (eCH2COOe) to chitosan, makes Na-CMCS pH-
sensitive, so that in acidic pH, this group exists in non-ionized form,
whereas in alkaline pH it exists in ionized form, which makes the
derivative hydrophilic in nature. Nucleophilic acyl substitution
takes places between the free amino groups of the carbox-
ymethylated polymer and oleoyl chloride through an addition/
elimination type mechanism. The reaction driven towards amide
formation by the low reaction temperature, had favors N-acylation
over O-acylation (Chiandotti et al., 2010). The sizes of chitosan, Na-
CMCS and NaO-CMCS particles are available in the SM1 (Supple-
mentary Material).

3.1. Structural characterization of NaO-CMCS

3.1.1. FTIR analysis
Structural changes of chitosan and its derivatives were

confirmed by FTIR spectra. In Fig. 2A, peaks at 3351 cm�1 and
3286 cm�1 express the NeH and OeH group, 2866 cm�1 shows
CeH stretching, 1650 cm�1 and 1585 cm�1 indicates C]O
stretching of the secondary amide (amide I) and NeH bending of 2-
aminoglucose units, 1150 cm�1, 1060 cm�1 and 1026 cm�1 attrib-
uted to asymmetric stretching of the CeOeC stretching and the
skeletal vibration of CeO stretching, respectively in chitosan. In

Fig. 2. FTIR spectra of (A) Chitosan (B) Na-CMCS and (C) NaO-CMCS.
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Fig. 3. 1H NMR spectra of (A) Na-CMCS and (B) NaO-CMCS.
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Fig. 2B, peaks at 3369 cm�1 and 3289 cm�1 express the NeH and
OeH group, 2906 cm�1 and 2840 cm�1 attributes to the CeH
stretching, 1724 cm�1 (acid C]O, stretch), which was absent in
chitosan conforming carboxymethylation of chitosan. The charac-
teristic bands of Na-CMCS found at 1589 cm�1 (C]O of eCOONa
asymmetric stretching) had overlapped the NeH peak of chitosan
at 1585 cm�1 which corresponds to the previously observed results
(Kong, 2012) and 1416 cm-1 (C]O of eCOONa symmetric
stretching). In Fig. 2C, the 3279 cm�1 indicates secondary NeH,
intensified peaks at 2920 cm�1, 2850 cm�1 and 1442 cm�1 attri-
butes to CeH stretching of oleoyl chains. After acylation, the
1585 cm�1 peak of primary amine disappeared, while the promi-
nent band bands at 1560 cm�1 for NeH (amide II) was observed
similar to earlier findings (Tiena et al., 2003), which indicates the
incorporation of oleoyl moiety onto the primary amine of Na-CMCS.
The peaks, in the range of 1150e850 cm�1 are the results of vi-
brations of CeO and CeOeC of the polysaccharide chain also
observed in chitosan and Na-CMCS.

3.1.2. 1H NMR analysis
The 1H NMR spectra of Na-CMCS and NaO-CMCS are presented

in Fig. 3A and 3B, respectively. The spectrum of NaO-CMCS shows
the similar characteristic proton signals as can be seen in the
spectrum of Na-CMCS which was assigned according to our pre-
vious studies (Kalliola et al., 2017). In addition in the spectrum of
NaO-CMCS, the successful attachment of oleoyl substituent to Na-
CMCS can be clearly seen. The triplet (a) (J ¼ 6.6 Hz) at 1.28 ppm
is assigned to CH3 unit of oleoyl chain. Signals of 20 protons of CH2
units (b) can be observed at around 1.69 ppm. The protons of CH2
unit (e) next to the carbonyl group appear as a clear triplet with a
coupling constant of 7.4 Hz at 2.67 ppm. The protons of CH2 unit in a
position c appear as a multiplet at around 2.01 ppm. The protons of
double bond (f) show the peak at 5.72 ppm which corresponds a
typical shift of alkene type protons. The protons of CH2 units (d)
next to alkene protons appear at around 2.42 ppm. The assignments
are consistent with the previous assignments of a similar type
oleoyl amide structure (Niu et al., 2010).

3.1.3. SEM/EDS analysis
The SEM images of raw and treated chitosan are shown in Fig. 4.

The surface morphology of chitosan (Fig. 4A and B) has been altered
after carboxymethylation (Fig. 4C and D) followed by acylation
(Fig. 4E and F). The surface roughness increases in Na-CMCS as
compared to that of chitosan. The attachment of hydrocarbon long
chain to Na-CMCS, makes the surface of NaO-CMCS rougher
compared to Na-CMCS. These alterations on the surface topography
were likely to result from the long hydrocarbon chain attached to
the Na-CMCS. Thus, chitosan after carboxymethylation and acyla-
tion, appears to be rough and more porous. This was further
confirmed by the BET analysis by considering the porosity.

Elemental analysis for chitosan, Na-CMCS and NaO-CMCS are
shown in Table 1. The increasing C/N ratio from chitosan to its
derivatives indicates the addition of carbon atoms to chitosan. The
degree of substitution (DS) in Na-CMCS was 1.63, which confirms
that both hydroxyl and amino groups might have been substituted
after carboxymethylation. Reduction of nitrogen (%) shows that
addition of long carbon chain groups took place during the acyla-
tion and the DS of 0.51 was obtained. The presence of sodium in
EDS results of Na-CMCS and NaO-CMCS, and not in chitosan, con-
cludes that the synthesized derivatives were in the sodium form.
The EDS results of Na-CMCS and NaO-CMCS were also taken at
1.0 kV accelerating voltage to confirm the presence of nitrogen as
mentioned in Table T1. At 1.0 kV, heavier elements other than ox-
ygen cannot be detected. From the results, it was concluded that the
carbon (%) increases from Na-CMCS to NaO-CMCS indicating that
the hydrocarbon long chain was attached to the backbone of chi-
tosan after acylation. The C/N ratio of EDS (at 1.0 kV) is also in a
good resemblance to the CHNS results.

3.1.4. BET analysis
N2 adsorption and desorption isotherms at 77.35 K plotted as a

function of P/P0 is shown in Fig. S2 (Supplementary Material). The
isothermal curve of NaO-CMCS can be classified as IUPAC type IV
showing type H3 hysteresis loop between 0.45 and 0.95, which is
associated with the capillary condensation taking places in meso-
pores. The type H3 hysteresis loop in NaO-CMCS, also reveals to the

Fig. 4. SEM images of chitosan (A and B), Na-CMCS (C and D) after carboxymethylation, and NaO-CMCS (E and F) after addition of long hydrocarbon chain. All the images were taken
at accelerating voltage of 10 kV with the scale bars of 100 mm and 20 mm and magnification �500 and �2.00K.
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aggregates of plate-like particles which give rise to slit-shaped
pores similar to previously observed results (Sing et al., 1985).
These results were in a good resemblance to the SEM interpreta-
tion. The BET surface area of chitosan and NaO-CMCS were
0.3603 m2/g and 0.5874 m2/g, respectively. The pore volume and
pore diameter of NaO-CMCS were 0.0011 cm3/g and 120.49 Å,
whereas 0.0006 cm3/g and 41.63 Å for chitosan. This concludes that
NaO-CMCS is more porous than chitosan and there is a decrease in
surface area of NaO-CMCS, compared to that of chitosan due to
addition of long hydrocarbon chain attached to the amino group of
Na-CMCS.

3.2. Effect of salinity and pH on surface charge of NaO-CMCS

The influence of salinity and pH on the electrical characteristics
and solubility of NaO-CMCS were studied. In order to investigate
this effect, the pH of NaO-CMCS solution (1 g/L) was studied with
different salinity (0e3.5%) in the pH range (4e10). The initial con-
ductivity of NaO-CMCS solution was 0.670 mS/cm, which shows
that the carboxylate groups (eCOOeNaþ) of NaO-CMCS were
ionized easily in water. Increase in conductivity to 54.80 mS/cm at
3.5% salinity (Fig. 5A) confirms that the ionized particles in the
water were significantly affected by the addition of the salt. So,
there was a formation of a net charge at the surface of NaO-CMCS,
which affected the distribution of ions in the surrounding of its
interfacial region. This resulted in an increased concentration of
Naþ ions close to the surface forming an electrical double layer
around NaO-CMCS. Thus, increasing salt concentration reduces the
charged density of NaO-CMCS by altering the interactions between
the NaO-CMCS and negatively charged components (Klinkesorn,
2013). On the other hand, the conductivity significantly lowered
down, but did not reach zero even after the surfacewas neutralized,
which shows the presence of free ions in the solutions.

The prime and important factor affecting zeta potential is pH.
The natural pH of NaO-CMCS solution was ~10.2, and declined to
~9.6 with increasing salinity (3.5%). Initially the zeta potential of
NaO-CMCS particle was negative and addition of HCl started
building up the positive charges. Hence, the magnitude of the
electrical charge in NaO-CMCS at higher pH was highly negative
and tended to zero (at isoelectric point) at intermediate pH and
then to positive values at lower pH as shown in Fig. 5B. At pH 9,
there was a sudden drop in the zeta-potential, which shows that
almost all Naþ ions from the sodium carboxylate group of NaO-
CMCS were dissociated by making the surface more negative. The
addition of Hþ ions, firstly protonates the free amino groups fol-
lowed by the protonation of some carboxylate groups causing the
increase of zeta-potential up to zero where the amount on positive
and negative charges on the surface of NaO-CMCSwere either equal
or neutralized. The acylated amino groups remained unaffected.
Further addition of Hþ ions made the surface more and more
positive aligning the deprotonated carboxylate groups to get pro-
tonated. The zeta-potential of NaO-CMCS in the presence of elec-
trolyte was observed to increase linearly which states that the

process of protonation and deprotonation on the NaO-CMCS sur-
face was not interfered significantly by the salinity variance except
the change in the isoelectric point. Therefore, the optimal pH for
the formation of emulsion can be in the range of 6e8, were the zeta
potential is negative irrespective of the salinity.

3.3. Interfacial tension

IFT between the water phase and oil phase is the key parameter
for the formation of oil droplets followed by the stability of o/w
emulsion. IFT was measured by the pendant drop method (Video-
based contact angle instrument, Dataphysics OCA 15 EC Series). The
initial IFT between these two (water and oil) phases without NaO-
CMCS, was 19.53 ± 0.54 mN/m and a small addition of NaO-CMCS
reduced the IFT by 50%. However, at the critical micelle concen-
tration (CMC), the IFT reductionwas up to 70%. The IFT was affected
by the increasing concentration of NaO-CMCS (Fig. S3 in Supple-
mentary Material SM3). Thus, the result confirms that the attach-
ment of hydrophobic hydrocarbon chain made NaO-CMCS more
amphiphilic, which drastically reduced the interfacial tension. At
lower interfacial tensions, the free surface energy associated with
the formation of droplets reduces, enhancing the formation of
smaller emulsion droplets with greater stability.

3.4. Emulsion stability

Amphiphilic NaO-CMCS was mixed within the aqueous phase,
and when the oil and aqueous phase were combined and mixed,
there was an instant formation of o/w emulsion. Firstly, the oil
phase deformed and disrupted into small droplets forming the new
interface, which reduced the IFT followed by the adsorption of NaO-
CMCS on that interface forming creamy o/w emulsion. After
standing, this creamy emulsion formed a layer at the top, by
removing the extra water from the emulsion at the bottom. The
stability of this emulsion retained for more than 6weeks, due to the
strong interaction between the non-polar carbon chains (attached
to the amino groups) in NaO-CMCS and oil through Van der Waals
attractive forces, which had enhanced the o/w emulsion stability.
On the other hand, emulsion was stable when the repulsive in-
teractions dominates, and when the attractive forces dominate, the
oil droplets in an emulsion tend to aggregate (McClements and
Gumus, 2016). Increasing concentration of NaO-CMCS creates
more and more hydrophobic atmosphere surrounding the oil sur-
face and lowers the IFT by creating denser creamy emulsion.
Moreover, sodium carboxylate (eCOONa), being the hydrophilic
part of the polymer, is attached strongly towards the aqueous phase
and inhibits the o/w emulsion to coalescence. Metastable emulsion
(0% salinity) formed immediately after mixing (Fig. 6A), and after
saturation, creamy emulsion of dispersed phase (Fig. 6C) was ob-
tained. Whereas, in the absence of NaO-CMCS, higher IFT between
the water phase and oil phase showed faster phase separation in an
hour. This was because the intermolecular forces among the oil
phase and aqueous phase were significantly lower than the

Table 1
Elemental analysis of chitosan, Na-CMCS and NaO-CMCS by CHNS Analyzer and EDS.

CHNS EDS (15.0 kV) EDS (1.0 kV)

Wt.% Chitosan Na-CMCS NaO-CMCS Wt.% Chitosan Na-CMCS NaO-CMCS Wt.% Na-CMCS NaO-CMCS

C 40.26 27.73 34.98 C K 47.1 29.0 36.7 C K 52 71
N 7.85 3.30 1.99 N K 12.3 e e N K 6 4
H 6.05 2.39 5.20 O K 40.4 42.8 39.4 O K 43 26
C/N 5.13 8.40 17.61 Na K e 23.4 22.4 C/N 8.67 17.75
DS - 1.63 0.51 Cl K 0.1 4.8 1.0 DS - 0.50

Al k 0.1 e 0.6
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intramolecular forces, which makes these phases to be liable to
interact themselves but not with each other. Imaging of droplets
was conducted periodically using optical microscope. Fig. 6B and
6D are the images of the emulsion after mixing and saturation.
The oil droplets sizes were measured weekly (Fig. S4 in Supple-
mentary Material SM4). The average oil droplets size was �30 mm
for the room temperature emulsions.

The measured size of NaO-CMCS along with the oil droplets of
emulsion by laser diffraction is shown in Fig. 6E. The particle size of
NaO-CMCS is 113 mm which was in a good resemblance of the
microscopic measured values. The o/w emulsion after mixing
shows variety of size range due to the presence of water along with
NaO-CMCS and oil. However, by increasing the stability time of
emulsion the measured droplet diameter became 19.2 mm after 2 h
stability and to 13.4 mm after 6 weeks stability, respectively, which
were in a good resemblancewith the droplet diametermeasured by
optical microscope (which was �30 mm). The oil droplet size at Dx

(10), Dx (50) and Dx (90) are shown in Table T1 (in Supplementary
Material SM4). The particle size >100 mm at Dx (90) for the emul-
sion after mixing, reveals that the NaO-CMCS was not completely
soluble in water. However, insoluble NaO-CMCS being at the
interface between aqueous phase and emulsion, shows partial
formation of oil droplets on its surface (Fig. S5 in Supplementary
Material SM4). The span value measured for the o/w emulsion after
mixing is 18.44 showing a wide range of size distribution, as the
size of NaO-CMCS were in mm. However, the decrease in the span
value measured for o/w emulsion after 2 h of mixing and after 6
weeks to 2.05 and 1.70, respectively also favors the stability of
creamy o/w emulsion.

The o/w emulsion stability was also studied at lower tempera-
ture (2 �C) with different dosages of NaO-CMCS. At lower temper-
ature, the interaction between water and hydrophilic moiety of
NaO-CMCS increased, which was seen from the increase of the

Fig. 5. Effect of salinity and pH on (A) Conductivity and (B) Zeta-potential of NaO-
CMCS.

Fig. 6. o/w emulsion at room temperature (A) after mixing without and with NaO-
CMCS (B) Microscopic images of o/w emulsion with NaO-CMCS after mixing (C) after
6 weeks of stabilization without and with NaO-CMCS (D) Microscopic images of o/w
emulsion with NaO-CMCS after 6 weeks of stabilization (E) Size distributions of NaO-
CMCS, oil droplet from o/w emulsions after mixing, after 2 h and after 6 weeks. Scale
bar for microscopic images is 10 mm.
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mean droplet diameter of the o/w emulsion and similar behavior
was also observed earlier (Shinoda and Saito, 1969). Hence, there
was a size expansion of droplets in the o/w emulsion at lower
temperature compared to that at room temperature (Fig. 7).
However, at lower concentration of NaO-CMCS, the coalescence
rate showed up a slight separation of oil from the emulsion, but
increasing the dosage had slower coalescence rate and made a
stable o/w emulsion. Therefore, the mean volume diameter in the
emulsion was �60 mm for higher concentration of NaO-CMCS
(>1.5 g/L), and was extended up to 100 mm for the lower concen-
tration of NaO-CMCS. The peak with >100 mm mean volume ob-
tained for lower dosage might be due to the size of NaO-CMCS
particles (Fig. S6 in Supplementary Material SM4). The results
conclude that the o/w emulsions were stable at lower temperature
with higher concentration of NaO-CMCS.

The changes in emulsified layer, turbid layer, and clear layer
were studied with respect to time after mixing (Fig. S7 in Supple-
mentary Material SM4). The height of the emulsified layer almost
remained uniform, whereas the turbid layer and clear layer
competed with each other. With time span, the intensity of the
turbid layer decreased with increase in the clear layer. In the case of
an oil spill, this type of the stable creamy emulsion can be skimmed
away from the water surface, demonstrating a presence of very
small amount of NaO-CMCS in the aqueous phase. Additionally, the
stability of the o/w emulsionwas verified by shaking it periodically,
with the same reformation of creamy layer after few hours as
before. Hence, NaO-CMCS was robust to remain stable even in the
wave action.

3.5. Emulsion behavior with pH and salinity variance

Ionic strength along with pH, also plays an important role in the
enhancement of the stability of o/w emulsion. Hence, the o/w
emulsion behavior was studied for the salinity (0e3.5%) in the pH
range of 5e8, i.e. before and after the isoelectric point. Increasing
concentration of the electrolyte makes the electrically charged
double layer near the hydrophilic part of NaO-CMCS narrower.
Addition of HCl shows the ion exchange effect among the amino
groups and the Naþ and Hþ ions present in the NaO-CMCS and
aqueous phase, respectively, by making the hydrophilic part
(eCOONa) attracted more strongly towards the aqueous phase. The

repulsive forces among the hydrophobic long carbon chain
attached to the amino groups in NaO-CMCS, increase the area in
between the hydrophobic long carbon chain of NaO-CMCS by
making its way to interact with the oil. Furthermore, the oil drop-
lets have same electrical charge in the emulsion as they were sta-
bilized by the same stabilizer, showing repulsive electrostatic
interaction between the oil droplets in an emulsion (Klinkesorn,
2013) by inhibiting the coalescence. After saturation, it was
observed that, NaO-CMCS adsorbs onto the surface of more than
one droplet and links them together by forming bridging floccu-
lation between the NaO-CMCS and emulsion droplets. Decreasing
pH with variable salinity tended towards the instability of o/w
emulsion. About pH 6e7 with salinity (0e3.5%), the formation rate
of bridging flocculation was maximum (Fig. S8 in Supplementary
Material SM5) due to slightly negatively charged NaO-CMCS,
whereas, at pH 8 only o/w emulsion was observed, and at pH 5
the stability of o/w emulsion suppressed the coalescence because of
the positively charged NaO-CMCS. Increasing salinity accelerates
the turbidity of the NaO-CS solution and this builds the bridging
flocculation between the NaO-CMCS making the emulsion droplets
denser.

3.6. Recovery of oil from emulsified oil

The significant step in the oil spill treatment is the recovery of
oil. The stable creamy emulsionwith deionized water was gained at
lower concentration of NaO-CMCS (below CMC), whereas with sea
water, this stability was acquired at higher concentration of NaO-
CMCS (above CMC) as shown in Fig. S9 (Supplementary Material
SM6). One reason for this might be the presence of multiple ions
along with sodium ions in the seawater, which has altered the
stability of emulsion below CMC of NaO-CMCS by suppressing the
coalescence rate. Addition of Caþ2 (CaCl2 solution) to the emulsified
oil causes the crosslinking of Caþ2 ions with two carboxylic acid
groups of the NaO-CMCS. This cross-linking reduces the water
solubility of NaO-CMCS through precipitation, which depresses the
interaction between the long carbon chain of NaO-CMCS and oil in
the o/w emulsion, and pulls out calcium cross-linked NaO-CMCS
from the stable emulsion. Hence, stable o/w emulsion breaks, and
increasing coalescence rate of the oil droplets concludes that the
calcium cross-linked NaO-CMCS lost its property as a stabilizer.

Fig. 7. Droplet size of o/w emulsion at 2 �C with different dosage of NaO-CMCS measured weekly by optical microscope.
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Therefore, the recovery of oil was feasible at lower concentrations
of NaO-CMCS with deionized water, whereas with sea water it was
above CMC of NaO-CMCS due to the instability of o/w emulsion
below CMC. The collected oil was weighed and its characteristics
compared with those of the initial oil. From the results (Fig. 8A), it

was concluded that there was about 75e85% and 19e49% recovery
of oil from the emulsified oil using deionized water and sea water,
respectively. The recovered oil was characterized using FTIR
(Fig. 8B) which shows that the peak intensities at 2854 cm�1,
2922 cm�1 and 2954 cm�1 of CeH stretching, and at 1377 cm�1 and
1457 cm�1 of CeH bending remained unaltered, concluding that
the recovered diesel was identical to the original one. The detailed
of FTIR spectra for each concentration are available in Figs. S10 and
S11 (Supplementary Material SM7). The recovered oil was also
characterized by GC-FID (Supplementary Material SM8). The SEM
images (Fig. 8C and D) show the morphological change in the
surface of NaO-CMCS after the recovery of the oil. The presence of
calcium in the EDS results confirms the crosslinking of Ca2þ ions
with the two carboxylic acid groups of NaO-CMCS, which in turn
reduces the amount of sodium.

Performance comparison between NaO-CMCS and other ad-
sorbents for the removal and recovery of oil is shown in Table 2.

4. Conclusions

The amphiphilic sodium salt of oleoyl carboxymethyl chitosan
(NaO-CMCS) was successfully used as a stabilizer for o/w emulsion.
NaO-CMCS forms emulsion when mixed with oil, because of the
hydrophobic groups in NaO-CMCS, which reached the surface of
the solution and decreased the interfacial tension. The o/w emul-
sion obtained using NaO-CMCS was stable over 6 weeks. The
average oil droplets size was �30 mm at room temperature and
increased with decreasing temperature. The oil droplets were sur-
rounded by the hydrophobic part of NaO-CMCS making the oil
intact by reducing the coalescence of oil droplets. Although the
surface area for NaO-CMCS was lower than that of unmodified
chitosan, the oil affinity of NaO-CMCS was rather impressive due to

Fig. 8. (A) Recovery of oil from the emulsified oil using deionized water and sea water with different dosage of NaO-CMCS, (B) FTIR images of oil before emulsion, after recovery of
diesel using deionized water with 1 g/L of NaO-CMCS and sea water with 2.5 g/L of NaO-CMCS, (C) and (D) are the SEM images of NaO-CMCS cross-linked with CaCl2 after removal of
oil along with the EDS results.

Table 2
Comparison between NaO-CMCS and other adsorbents for the removal or separation
of different types of oil.

Adsorbents Different type of
Oils

Removal/
Separation/
Recovery of oil

References

M. rouxii biomass
(Chitosan
content e 32.7%)

Mineral oil 77e93% Srinivasan and
Viraraghavan, 2010Vegetable oil

Cutting oil
Chitosan based

polyacrylamide
hydrogel

Crude oil 2.3 g/g H.H. Sokkera et al.,
2011

Chitosan
microspheres

Total oil and grease
(TOG) in oily water

>90% Grem et al., 2013

Chitosan-coated
mesh

Hexane >99% Zhang et al., 2013a
Gasoline >99%
Diesel >99%
Crude oil >99%

Polyurethane foam Gasoline 96% Zhang et al., 2013,b
Crude oil 98%
Hexane 95.5%
Petroleum ether 97%

Chitosan based
aerogel
membrane

Crude oil in water
emulsion

99% Chaudhary et al.,
2015

Chitosan-poly(vinyl
alcohol) blend

Hydraulic oil 33.6 g/g Fouad et al., 2016
Kerosene 73.96 g/g
Toluene 73.96 g/g

NaO-CMCS Marine Diesel 75e85% This work

B. Doshi et al. / Journal of Cleaner Production 170 (2018) 339e350348



its porosity. The salinity and pH of water played a significant role in
the deformation of oil to oil droplets. NaO-CMCS being charged
showed a strong dependence of o/w emulsion on the pH. At lower
pH (<5.5), there was a loss of electrostatic repulsion between the
charged groups, which decreased the solubility of NaO-CMCS by
forming insoluble NaO-CMCS aggregates. Whereas at higher pH
(>5.5), the negative charged groups of NaO-CMCS dominated the
rate of the formation of bridging flocculation causing o/w creamy
emulsion at pH 8. Oil was recovered from creamy o/w emulsion
using calcium ions (Caþ2), which acts as a cross-linker between the
two carboxylic acid groups of NaO-CMCS. The recovery of oil was
76% from deionized water with 0.5 g/L concentration of NaO-CMCS
and 20% from seawater with 2 g/L concentration of NaO-CMCS. This
derivative of chitosan proves to be an effective material for the oil
spill removal from the seawater. Increasing the chain of hydrophilic
part through carboxy-acylation and its effectiveness in o/w emul-
sion stability should be studied in the future.
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A B S T R A C T

Industrial wastes and their effluents containing dyes and heavy metals are a tremendous threat to the en-
vironment, and to treat these toxic waste streams, effective and environmentally benign methods are needed. In
this study, NaCS-GL was used as an effective adsorbent, for the removal of dyes and metal ions from their
aqueous solution. The presence of carboxylate groups on the NaCS-GL surface has altered the protonation of
amino groups. The adsorption kinetics of dyes on NaCS-GL was initially controlled by the film diffusion or
chemical reaction after which the intra-particle or pore diffusion started to govern the rate. Leaching of sodium
ion confirmed the crosslinking of two carboxylate groups of NaCS-GL with the metal ions. Modeling of the
adsorption isotherms revealed that the different active surface sites of NaCS-GL were involved in the adsorption
of dyes and metals, suggesting the simultaneous removal of these components from the wastewater.

1. Introduction

The continual use of a variety of dyes such as MB, SaO and Tart, by
industries, such as textile, printing, food, pharmaceuticals and cos-
metics, usually discharge a large amount of coloured effluents into
water resources. Contact with a higher amount of these pollutants can
cause harmful effects on human health, such as abnormal urine, hy-
pertension, staining of skin, abdominal pain, nausea, dizziness, asthma,
itching, blurred vision and carcinogenic effects. The treatment of these
effluents before disposal into the aquatic environment has become a
great challenge in recent years (Pereira & Alves, 2011). In a similar
manner, the presence of heavy metals, such as lead (Pb) and cadmium
(Cd), in water beyond their acceptance limit creates hazardous and
carcinogenic effects on living creatures. Various techniques, such as
membrane filtration, aerobic and anaerobic biodegradation, coagula-
tion, flocculation, conventional oxidation and adsorption, have been
developed for the treatment of effluents containing dyes (Ayati et al.,
2014; Ayati, Shahrak, Tanhaei, & Sillanpää, 2016; He et al., 2013;
Robinson, McMullan, Marchant, & Nigam, 2001; Särkkä, Bhatnagar, &
Sillanpää, 2015). Amongst these methods, adsorption is the most effi-
cient technique for the removal of pollutants from wastewater (Forgacs,

Cserháti, & Oros, 2004; Srivastava & Sillanpää, 2017; Zhao et al., 2015).
Adsorbents such as activated carbons (Kannan & Sundaram, 2001),
clays (Adebowale, Olu-Owolabi, & Chigbundu, 2014; Celis, Hermosin,
& Cornejo, 2000; Yi & Zhang, 2008), lignocellulosic wastes and bio-
polymers (Hokkanen et al., 2014; Tu, Yu, et al., 2017; Zhao et al., 2014)
have been used to remove different types of dyes and heavy metals from
the waste streams. Carbon based adsorbents show excellent adsorption
properties (Alatalo et al., 2016; Chen et al., 2017; Ma et al., 2012), but
they can be commercially expensive along with their regeneration.

Chitosan, a deacetylated form of chitin which is naturally occurring
biopolymer derived from crustaceans of shrimps and crab shells. Being
biodegradable and non-toxic, chitosan was widely used in pharma-
ceuticals (Martino, Sittinger, & Risbud, 2005), food industry (Khora &
Lim, 2003) and water remediation (Bhatnagar & Sillanpää, 2009). Two
surface groups, hydroxyl and amino groups, contributes to hydro-
philicity and active adsorption sites. One of the important limitations of
chitosan in the adsorptive removal of contaminants is its dissolution
tendency in acidic effluent (Vakili et al., 2014). The modification of
chitosan through chemical cross-linking can improve the mechanical
and chemical stability of chitosan in acidic solutions (Chatterjee,
Chatterjee, Lim, & Woo, 2011; Vakili et al., 2014). Cross-linking
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significantly reduces segment mobility in polymers; meanwhile, a series
of interconnected chains appear by creating new inter-chain linkages.
Glutaraldehyde, ethyleneglycol diglycidyl ether, formaldehyde and
epichlorohydrin are the most common ionic cross-linkers used for the
modification of chitosan (Bai et al., 2018; Hsien et al., 2013; Jing, Liu,
Yu, Xia, & Yin, 2013; Monier, 2012; Tanhaei, Ayati, Bamoharram,
Lahtinen, & Sillanpää, 2016). Even though the hydroxyl groups present
on the surface of chitosan are one of the active sites for the adsorbate,
Chethan and Vishalakshi demonstrated the amino groups as active sites
for the adsorption of metal ions (Chethan & Vishalakshi, 2013).

Chitosan and its derivatives are amongst the low cost adsorbents,
which have been extensively studied (Ayati, Tanhaei, & Sillanpää,
2016; Li et al., 2015; Repo, Warchol, Kurniawan, & Sillanpää, 2010;
Repo, Warchoł, Bhatnagar, Mudhoo, & Sillanpää, 2013) and reviewed
(Ngah, Teong, & Hanafiah, 2011; Vakili et al., 2014) for the dyes re-
moval and metal ions elimination from the waste effluents (Morsy,
2015). Carboxymethyl chitosan consists of surficial active amino and
carboxylic acid groups and hence it is widely used in the removal of
pollutants from wastewater (Doshi, Repo, Heiskanen, Sirviö, &
Sillanpää, 2017; Sarkar, Debnath, & Kundu, 2012; Wu, Dai, Kan,
Shilong, & Zhu, 2017). The combination of chitosan beads with Lemna
gibba effectively removed Boron from drinking water (Türker & Baran,
2017). Similarly, silica-chitosan hybrid beads were effective in the re-
moval (Ramasamy et al., 2017) and recovery (Ramasamy et al., 2018)
of rare earth elements form wastewater effluents. Recent research re-
veals that chitosan derivatives obtained via electrospinning and elec-
trospraying techniques have enhanced heavy metals adsorption (Huang
et al., 2018; Tu, Huang, et al., 2017). However, as per the authors’
knowledge, the sodium form of partially carboxymethylated chitosan
cross-linked with glutaraldehyde have been not yet studied for the
adsorption of dyes and metal ions.

In the present work, we have synthesized and characterized, NaCS-
GL, by modifying the chitosan surface through carboxymethylation and
cross-linking, to study the adsorptive removal of dyes such as MB, SaO
and Tart, and Pb(II) and Cd(II) metal ions from their aqueous solution.
The surface charge behaviour of NaCS-GL was investigated with respect
to pH, to reflect the protonation and deprotonation of amino groups in
the presence of carboxylate group (−COONa). The effect of various
important parameters, such as adsorbent dosage, solution pH, dye/
metal concentration, contact time, and temperature have been in-
vestigated, comprehensively along with the competitive adsorption of
dyes with metal ions. The NaCS-GL after the adsorption of respective
dyes and metal ions were also characterized in order to understand the
mechanism of the adsorption of pollutants on the surface of NaCS-GL.
Regeneration studies were performed to show the reusability of NaCS-
GL and its effectiveness in water remediation.

2. Material and methods

2.1. Chemicals and synthesis

The details of the chemicals used are available in SM1. Na-CS was
synthesized based on our previously reported method (Doshi et al.,
2017) with some modifications. Briefly, a mixture of 10 g chitosan,
40 mL IPA and 100mL NaOH (10%) were heated for 1 h in a water bath
(C-MAG HS 7 Digital from IKA) at 50 °C. Dissolved monochloroacetic
acid (15 g) in isopropanol (20ml) was added dropwise to above reac-
tion mixture and the reaction was allowed for 4 h at the same tem-
perature. Then, 200mL ethanol (70%) was added and the product was
washed with 70–90% ethanol. It was centrifuged (at 4000 rpm for
5min) three times and dried overnight at RT. The obtained product was
Na-CS. A mixture of 1 g of dried Na-CS in 30mL glutaraldehyde solution
(10%) was stirred for 30min, and the obtained solid was washed with
water and centrifuged (4 times) with overnight drying at RT. The ob-
tained solid is NaCS-GL. The synthesis procedure of NaCS-GL has been
presented in Fig. 1.

2.2. Characterization

Chitosan, Na-CS and NaCS-GL has been characterized by FTIR, SEM,
EDS and, EA. The DS was calculated from the CHNS elemental analysis
(Doshi, Repo, Heiskanen, Sirviö, & Sillanpää, 2018) and unsubstituted
amino groups in Na-CS by potentiometric titration, respectively. The
surface charge of NaCS-GL was studied as a function of pH ranging from
4 to 10 using Zetasizer Nano ZS (Malvern, UK). The carboxylic acid
content in Na-CS and NaCS-GL, were calculated using conductometric
titration. Refer to SM2 for the detailed procedure about the char-
acterization methods.

2.3. Adsorption studies as a function of NaCS-GL dosage and solution pH

The dyes and metal ions solutions of the desired concentrations
(20mg L−1) were obtained by the dilution of respective dyes and metal
ions stock solution (1000mg L−1). The adsorption studies were per-
formed with 0.1–2.5 g L−1 NaCS-GL, in order to determine the optimum
dosage for further studies. With the optimized dosage of NaCS-GL, the
effect of pH was studied in the range of 2–12 for the dyes and 2–8 for
the metal ions. These solutions were shaken for 24 h at 100 rpm to
reach the equilibration, and then filtered through 0.45 μm poly-
propylene membrane filters. The MB, SaO and Tart concentrations were
measured by Lambda 45 UV/VIS Spectrometer (Perkin Elmer, USA) at
λmax= 664, 520 and 430 nm, respectively. The Pb(II) and Cd(II) con-
centrations were measured by ICP (Agilent 5110 ICP-OES). The removal
efficiency (R%) and adsorbate uptake at t time (qt, mg/g) were calcu-
lated using Eqs. (1) and (2):

= −R(%) C C
C

* 1000 t

0 (1)

= −q (C C )
m

* Vt
0 t

(2)

Where Co and Ct (mg L−1) are the pollutant concentrations at initial and
t time respectively, m (g) is adsorbent dosage and V (L) is the solution
volume.

2.4. Adsorption kinetics on the surface of NaCS-GL

The adsorption mechanism was investigated from the adsorption
kinetics using four different models such as pseudo-first-order, pseudo-
second-order, Bangham and Weber-Morris (mentioned in Table 1).
10mL of each dyes and metal ions solutions (20mg L−1) were shaken
with the optimum amount of NaCS-GL at 100 rpm, collected periodi-
cally, filtered and analyzed as per Section 2.3.

2.5. Adsorption isotherms and thermodynamics

In order to study the adsorption isotherms, the optimum amount of
adsorbent was added to 10mL of dyes (10–800mg L−1) and metal ions
(5–200mg L−1) solutions, and the desired concentrations of these
pollutants were obtained by the dilution of the respective dyes and
metal ions stock solution (1000mg L−1). These solutions were shaken
at 200 rpm for 6 h in controlled temperatures (25–45 °C) using shaker
(IKA KS 4000i Control), and analyzed as per Section 2.3. Five well-
known isotherms such as Langmuir, Freundlich, Tekmin, Dubinin-Ra-
dushkevich and Sips models (mentioned in Table 1), were applied to
evaluate the experimental equilibrium data, and MATLAB software was
used for the non-linear regression. The adsorption thermodynamics was
calculated using the Van’t Hoff equation (shown in Table 1).
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3. Results and discussion

3.1. Characterization

The off-white coloured chitosan after modification turns into brown
colour NaCS-GL, and the shape of NaCS-GL was non-uniform with

average particle size ≤ 500 μm (Fig. 1). Two peaks at about 3350 cm−1

and 3290 cm−1 in the FTIR spectra of chitosan (Fig. 2a) and Na-CS
(Fig. 2b) indicates NeH stretching (primary), whereas a peak at 3286
cm−1 in NaCS-GL (Fig. 2c) reveals to NeH stretching (secondary). In
NaCS-GL, peak intensities at 2869 and 2929 cm-1 indicates CeH
stretching. The intensity reduction at 1418 cm−1 in Na-CS and NaCS-GL

Fig. 1. Synthesis route of NaCS-GL from chitosan.

Table 1
Different models for the calculation of adsorption kinetics and adsorption isotherms and thermodynamics.

Models Parameters

Pseudo-first order (Huang et al., 2014)
− = −q q q k tln ln( ) ( )e t e 1 (3)

qt and qe (mg g−1) are the amount of adsorbate at t (min) time and equilibrium state, respectively; k1
(min−1) = the rate constant of pseudo-first-order

Pseudo-second order (Ho, 2006)

= + tt
qt k qe qe

1

2 2
1 (4)

=h k qe2 2 (5)

k2 (g mg−1 min−1) is the rate constant of pseudo-second order; h is the initial adsorption rate.

Bangham (Huang et al., 2014)

⎡
⎣

⎤
⎦

= ⎡⎣ ⎤⎦
+

−
log tloglog α logC

C mqt

k m
V B

0
0

0
2.303

(6)

C0 (mg L−1) is the initial pollutant concentration; m (g L−1) is the adsorbent dosage; V (mL) is the volume
of solution; k0 and αB (< 1) are constants.

Weber–Morris (Hosseini, Khan, Malekbala, Cheah, & Choong, 2011)

= +q k t Ct id 1/2
i (7)

kid (mg g−1 min−1) is the intra-particle diffusion rate constant in step i; Ci (mg g−1) is the constant
related to the extent of boundary layer thickness in each step.

Langmuir (Ren et al., 2013)

=
+

qe
qmKLCe

KLCe1
(8)

=
+

RL KLC
1

1 0
(9)

KL is Langmuir constant (L mg−1); RL value reflects the favourability of adsorption, adsorption is
considered as unfavourable if RL>1, linear for RL= 1 and favourable if 0<RL< 1 and irreversible if
RL< 0.

Freundlich (Foo & Hameed, 2010)

=q K Ce F e
nF1/ (10)

KF is Freundlich isotherm constant (L g−1);
nF is Freundlich exponent

Tekmin (Nagy et al., 2017)

=q ln A C( )e
RT
bT

T e (11)

AT is equilibrium binding constant (L mg−1)
bT is Tekmin constant (J/mol)

Dubinin-Radushkevich (Nagy et al., 2017)
= −q q βƐexp( )e m

2 (12)

= +Ɛ RT ln(1 )
Ce
1 (13)

β is D-R model constant (mol2 kJ−2)
Ɛ is Polanyi potential

Sips (Foo & Hameed, 2010)

=
+

q qe m
KsCe γ

KsCe γ
( )

(1 ( ) )
(14)

Ks is Sips model isotherm constant
γ is Sips model exponent

Van’t Hoff (Hu et al., 2011)
= −ΔG RTlnKL0 (15)
= −G H T SΔ Δ Δ0 0 0 (16)

(ΔG°) is standard Gibbs free energy, (ΔH°) is adsorption standard enthalpy, (ΔS°) is entropy, KL (L mol−1)
is the Langmuir constant.

qe= amount of adsorbate adsorbed at equilibrium; qm = maximum quantity adsorbed (mg g−1); Ce = equilibrium concentration; R= gas constant (0.008314 kJ
mole−1); T= absolute temperature.
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compared to chitosan, shows presence of substituted amino groups, and
similar behaviour observed previously (Jabli, Baouab, Sintes-Zydowicz,
& Hassine, 2012). The CeOeC bending vibration at 1151 cm−1 ob-
served in chitosan and Na-CS, but not in NaCS-GL, indicating the peak
hindrance after cross-linking (Li et al., 2013). The characteristic ab-
sorption bands at 1577 cm-1 (C]O of eCOONa asymmetric stretching)
and 1411 cm−1 (C]O of eCOONa symmetric stretching) in Fig. 1b,
reveals that, both hydroxyl and amino groups were carboxymethylated.

Fig. 2d–g shows surface morphology of chitosan, Na-CS and NaCS-
GL, respectively, whose surface roughness increased after modification.
The EA results (Table 2) shows the reduction of nitrogen(%) sig-
nificantly from chitosan to NaCS-GL, which has increased the C/N ratio
(Monteiro & Airoldi, 1999) as carbon(%) was not altered much. The
obtained C/N ratio from EDS results were in good agreement with EA
results, and conforms the presence of sodium in Na-CS and NaCS-GL
(Refer Fig. S1(a–c) in SM2). The DS value<0.50 suggests the partial
carboxymethylation in Na-CS, were few hydroxyl and amino groups
remains unaltered and similar behaviour was also observed previously
(Doshi et al., 2017). Moreover, the DS results of NaCS-GL (< 0.50)
show that the unaltered amino groups of Na-CS might have crosslinked
with glutaraldehyde. Fig. 2h shows the presence of unsubstituted amino

groups with two range hump in Na-CS but only one range hump in
NaCS-GL. The second range hump in Na-CS is due to the deprotonation
of free amino groups which was absent in NaCS-GL. This also confirms
the crosslinking of free amino groups with glutaraldehyde in NaCS-GL,
which confirms the DS interpretation.

According to the IUPAC classification, the N2 adsorption-desorption
graph (Fig. S1d in SM2) is Type-II, representing unrestricted mono-
layer-multilayered adsorption and the hysteresis H3 suggests the ag-
gregation of plate like particles (Sing et al., 1985). The BET results of
NaCS-GL reveals that after modification, the surface area increases and
the pore diameter results (Refer Table 2) suggest the formation of
mesoporous particles. Even though the surface roughness of Na-CS was
more than chitosan, the surface area and porosity dropped down due to
the carboxymethylation. Fig. S1e (Refer SM2) suggests that the surface
of Na-CS and NaCS-GL possesses a different range of pore size. The
carboxylic acid (−COO-) content in Na-CS and NaCS-GL were
2.24mmol g−1 and 0.26mmol g−1, respectively (Refer Table 2), which
reflects the existence of carboxymethylated part in Na-CS as well as in
NaCS-GL (Refer SM2). The reduction in the carboxylic acid content of
NaCS-GL suggests that a glutaraldehyde molecule has been trapped in
between two polymer units via an imine (C]N) bond, which might

Fig. 2. FTIR spectra of (a) chitosan, (b) Na-CS and (c) NaCS-GL. SEM images of chitosan (d) at accelerating voltage of 10 kV, Na-CS (e) and NaCS-GL (f) at
accelerating voltage of 30 kV with 2.0k of magnifications, NaCS-GL (f) at an accelerating voltage of 30 kV with 4.0k of magnification. (h) Potentiometric Titration of
Na-CS and NaCS-GL and (i) Surface behaviour of NaCS-GL.
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have expanded the internal polymer structure and increased the surface
area of NaCS-GL as compared to Na-CS. Hence, the amount of car-
boxylic acid per polymer unit might have fallen down as compared to
Na-CS. These results were in good agreement with the BET results. The
surface charge of NaCS-GL plays an important role in the adsorption of
contaminants. The original pH of NaCS-GL solution was around 9.2.
The initial surface charge of NaCS-GL was negative (−32.77mV) as
shown in Fig. 2i. The addition of HCl firstly protonated the amino
groups of NaCS-GL followed by the protonation of the carboxylate
groups. Therefore, decreasing pH has increased the zeta potential to-
wards zero (isoelectric point at pH 5.4) and, furthermore, the addition
of HCl made the surface more positive.

3.2. Adsorptive behaviour of NaCS-GL with dyes and metal ions

3.2.1. Effect of adsorbent dosage and solution pH
Fig. 3a shows that, in addition to high colour removal efficiency at

very low amount of adsorbent (> 0.4 g L−1), the increase in dosage
suggests a removal efficiency from 33.9%, 36.9% and 43.26% to a
plateau trend at 97.7%, 91.9% and 96.8% for MB, SaO and Tart, re-
spectively. By increasing the adsorbent dosage, a larger surface area
and a higher number of free adsorption sites were available for the dye
adsorption. However, beyond 0.6 g L−1, further increasing the amount
of the adsorbent did not enhance the removal percentage, due to the
excess of adsorption sites for the adsorption process (Naiya,
Bhattacharya, & Das, 2009). Moreover, for the metal ions, Pb(II) and Cd
(II), the adsorption trend was slightly different than dyes. Pb(II) showed
99.9% removal with 0.8 g L−1 NaCS-GL, whereas Cd(II) showed an up

to 99.9% removal with 1.5 g L−1 of absorbent (Fig. 3a). In addition, the
adsorption capacity decreased (Fig. 3b) by an increase in the NaCS-GL
dosage, showing that NaCS-GL had lot of active sites even at a smaller
amount (0.1 g L−1) (Tanhaei, Ayati, Lahtinen, & Sillanpää, 2015).
Hence, the optimum amount of NaCS-GL used for further experiments
of dyes is 0.8 g L−1 and for metal ions it is 2.0 g L−1.

The pH of the solution plays a key role in the adsorption process due
to its strong influence on the surface of NaCS-GL as well as the spe-
ciation of dyes and metals. The initial pH of MB, SaO, Tart, Pb(II) and
Cd(II) solutions obtained were approx. 5.6, 6.4, 6.3, 5.5 and 6.1, re-
spectively. The results (Fig. 3c) revealed that the cationic dyes MB and
SaO removal percentage remained high (> 93%) in the wide pH range
of 5–11, whereas for Tart, a similar removal was obtained at pH < 3.
At higher pH, both amino and carboxylate groups were deprotonated
causing attractive electrostatic forces between the NaCS-GL surface and
the cationic dye molecules as well as metal ions. In addition, the charge
density of MB and SaO solutions decreased with increasing pH, which
in this case led to a decrease of electrostatic repulsion between the
cationic dyes and adsorbent surface and consequently enhanced dye
adsorption (Monash & Pugazhenthi, 2009). Moreover, the presence of
the carboxylate group in NaCS-GL altered the protonation process of
amino groups and increased the surface activity by creating more ad-
sorption sites for the cationic dyes and metal ions. For the metal ions Pb
(II) and Cd(II), the removal percentage remained high (> 95%) in the
pH range of 5–8 (Fig. 3c). Despite the effective removal of metal ions,
pH > 6.5 was not considered for metal ions adsorption due to their
tendency to form precipitates with OH− ions (Barakat, 2011; Pejic,
Vukcevic, Kostic, & Skundric, 2009; Zhou et al., 2015). However, at a

Table 2
Elemental composition, DS, surface area, porosity and carboxylic acid content results of chitosan, Na-CS and NaCS-GL. The EDS results of NaCS-GL before and after
adsorption.

Element (Wt%) C N O C/N DS BET (m2 g−1) Pore Volume (cm3 g−1) Pore Diameter (nm) Carboxylic acid content (mmol g−1)

Chitosan 40.38 6.86 6.41 5.89 – 144 0.12 3.41 –
Na-CS 39.82 6.02 6.88 6.61 0.36 92 0.08 4.25 2.24
NaCS-GL 40.85 4.71 5.56 8.67 0.41 178 0.15 3.47 0.26

Element (Wt %) Before adsorption After MB adsorption After SaO adsorption After Tart adsorption After Pb(II) adsorption After Cd(II) adsorption

C K 54.5 65.87 58.81 61.28 75.15 62.31
N K 9.0 8.84 10.11 11.52 11.13 13.40
O K 34.4 14.88 29.39 20.48 11.74 13.23
Na K 1.7 – – – – –
S K – 1.06 – 0.35 – –
Pb K – – – – 1.78 –
Cd K – – – – – 10.26
Al K 0.1 0.66 0.18 0.52 0.17 0.59
Mg K – – – 0.09 0.03 0.22
Ag K – 8.69 1.50 5.76 – –

Fig. 3. Effect of NaCS-GL dosage on the (a) adsorptive removal and (b) uptake of dyes and metals, (c) effect of solution pH on the adsorptive removal of dyes and
metal ions. The pH range for dyes is 2–12 and for metal ions is 2–8.
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lower pH, the positively charged surface of NaCS-GL created the elec-
trostatic attraction with anionic dye Tart by progressing the rate of
adsorption through chemical interactions with NaCS-GL (Dotto, Vieira,
& Pinto, 2012). At the same time, at a lower pH, the positively charged
H+ ions competed with Pb(II) and Cd(II) along with MB and SaO for
getting adsorbed on NaCS-GL. Thus, cationic dyes and metal ions
showed a lower removal percentage below pH 4 due to the repulsive
interactions towards the adsorbent surface. Therefore, the pH of MB,

SaO, Pb(II) and Cd(II) solutions were unadjusted for the further ex-
periments, whereas, for Tart, all the experiments were carried out at
pH < 3.

3.2.2. Effect of contact time and kinetic studies
The kinetics of the adsorption processes were studied (Fig. 4), to

investigate the adsorption mechanisms and potential rate-controlling
steps. There was a rapid adsorption of dyes and metals (Fig. 4a) during

Fig. 4. Effect of contact time on (a) dyes and metal ions adsorption. Kinetic plot for adsorption of dyes and metal ions on NaCS-GL (b) pseudo-first order and (c)
pseudo-second order, (d) Bangham adsorption kinetic curve. Intra-particle diffusion curve for the adsorption of (e) MB, (f) SaO, (g) Tart, (h) Pb(II) and (i) Cd(II) on
NaCS-GL.

Table 3
Calculated kinetics parameters for cationic and anionic dyes, Pb(II) and Cd(II) adsorption onto the NaCS-GL adsorbent.

Pollutants qe(exp) Pseudo-first-order (Linear) Pseudo-second-order (Linear) Bangham model

qe k1 R2 qe k2 h R2 k0 αB R2

MB 24.46 9.195 0.014 0.842 25.470 0.003 1.750 0.9985 1.225 0.675 0.942
SaO 23.67 2.416 0.011 0.565 23.860 0.012 6.935 0.9998 4.838 0.400 0.822
Tart 24.99 4.326 0.014 0.775 25.263 0.009 5.984 0.9999 3.699 0.552 0.966
Pb(II) 10.81 0.179 0.011 0.426 10.830 0.131 15.397 1.000 1.581 0.420 0.834
Cd(II) 11.76 1.599 0.008 0.514 11.763 0.024 3.328 0.9999 1.580 0.582 0.927
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the early stages of the process due to the abundant availability of the
active sites on the NaCS-GL surface, with more than 93% removal ef-
ficiency for SaO and Pb(II) until 60min and, for MB, Tart and Cd(II) it
was gained until 120min. The adsorption kinetics was evaluated and
calculated parameters are listed in Table 3 (also refer Table T1 in SM3).
The linear fitting of pseudo-first-order (Fig. 4b) and pseudo-second-
order (Fig. 4c) reveals that the adsorption of dyes and metal ions onto
NaCS-GL was very well correlated to the pseudo-second-order model
with high regression coefficients (> 0.998). The pseudo-second-order
model suggests that the rate of occupying adsorption sites is propor-
tional to the square of unoccupied sites and the number of occupied
sites proportional to the fraction of compound adsorbed on the ad-
sorbent surface. Hence, it can be concluded that the rate-controlling
step of the process could be chemisorption i.e. formation of the che-
mical bond between the adsorbate molecule and the adsorbent (Huang,
Li, Chen, Zhang, & Chen, 2014). However, fitting the data by Bangham's
model (Fig. 4d and Table 3) with R2> 0.92 suggests that the adsorption
kinetics of MB, Tart and Cd(II) onto NaCS-GL adsorbent could be par-
tially limited by the pore diffusion as well (Mezenner & Bensmaili,
2009).

In this case, the pseudo-first- and -second-order models cannot so-
lely explain the mechanisms of the adsorption, especially due to the
porous nature of the adsorbent. Therefore, the intra-particle diffusion
model has been applied to examine the relative significance of the two
transport mechanisms of intra-particle diffusion and film diffusion for
the adsorption of dyes and metal ions onto NaCS-GL (Tanhaei et al.,
2015). The multi-linear plot during the sorption process shows four
linear regions for dyes (Fig. 4e–g) and three for metals (Fig. 4h and i).
The diffusion of dyes and metals from their bulk solution to the NaCS-
GL surface cannot be observed only due to the efficient mixing, thus the
first linear step describes either the film or surface diffusion or the first
pore diffusion stage. As seen from the figures, several pore diffusion
steps exist, which attributes to the various pore sizes found in the stu-
died adsorbent (Refer Fig. S1e in SM2), and similar behaviour observed
previously (Ren, Abbood, He, Peng, & Huang, 2013). The final region
corresponds to the final equilibrium stage, in which the intra-particle or
pore diffusion decreases due to decreasing pore volume and a low
concentration of adsorbates present in the solution (Wu et al., 2017). In
the case of dyes, the first visible diffusion step can be attributed to the
film diffusion because the line nearly passes through the origin. How-
ever, for the metals, the film diffusion is faster and its rate can be
evaluated approximately from the line between origin and the first
kinetic point. Based on these findings, it can be concluded that the early
stage of adsorption is controlled by the surface reactions and/or film
diffusion followed by various pore diffusion steps and due to the size
effects the diffusion of dyes is slower compared to that of metals (Qiu
et al., 2009). Recently, Albadarin et al. studies also showed similar
behaviour (Albadarin et al., 2017).

3.2.3. Sodium leaching
NaCS-GL being in sodium form, the leaching of sodium from NaCS-

GL surface along with adsorption of metal ions was investigated using
kinetic data. Fig. 5a shows that sodium leaching was higher in the Cd
(II) solution compared to Pb(II). The metals loaded NaCS-GL (1.0 g L−1

concentration) was used in the removal of 5–30mg L−1 dyes solutions.
There was also leaching of sodium from metal loaded NaCS-GL when
reacted with dyes (Fig. 5b), which confirms that Pb(II) and Cd(II) were
partially adsorbed on the surface of NaCS-GL. This also reveals the
presence of free sodium sites on the surface of NaCS-GL, even after
metals adsorption. Moreover, the effectiveness of Pb(II) loaded NaCS-
GL in the removal of MB and SaO was more than Cd(II) loaded NaCS-GL
(Fig. 5c). Even though the removal of Tart was> 95%, it was not
considered here due to the leaching of Pb(II) and Cd(II) in acidic con-
dition, which was not observed with cationic dyes MB and SaO. Sodium
leaching mechanism and competitive adsorption between Pb(II) and
MB in presented in Fig. 5d.

3.3. Adsorption isotherms

Fig. 6a and b shows the effect of the initial concentration of dyes
and metal ions on the equilibrium adsorption capacity and the iso-
therms. Here, a temperature increase provided the faster rate of diffu-
sion of adsorbate molecules from the solution to the NaCS-GL surface
but the adsorption capacity did not change significantly with increasing
temperature for MB, SaO and Cd(II). However, for Tart and Pb(II) the
adsorption capacity slightly stepped up due to the pore enlargement
with the increase in the temperature, which exposed more surface sites
for the adsorbate interaction. Hence, the adsorption capacity of NaCS-
GL sharply increased to reach a plateau trend at high initial con-
centrations of MB, SaO and Cd(II). At the equilibrium, MB, SaO and
Tart uptake by NaCS-GL enhanced from 12.15 to 342.60mg g−1, 11.98
to 103.72mg g−1 and 11.03 to 550.00mg g−1, respectively, by in-
creasing their concentrations from 10 to 800mg L−1 at 25 °C. However
for the metal ions Pb(II) and Cd(II), the uptake at equilibrium rose up
from 2.19 to 47.71mg g−1 and 3.49 to 36.04mg g−1, respectively by
increasing their concentrations from 5 to 200mg L−1 at 25 °C. This
reveals that NaCS-GL has been saturated by dyes and metal ions at high
initial concentrations, due to the high driving force gradient (Li et al.,
2013). The adsorption capacity of NaCS-GL was enhanced compared to
the previously studied adsorption behaviour of chitosan for dyes (Dotto
et al., 2012; Guo & Wilson, 2012) and metal ions (Bhatnagar &
Sillanpää, 2009) removal from water resources. The enhanced pore size
and surface area (Refer Table 1) might have enhanced the adsorption of
NaCS-GL in comparison to that of chitosan.

3.3.1. Isotherms modeling and mechanism
The isotherm modeling results are summarized in Table 4. From the

two-parameter models, the Langmuir model gave the best fitting results
generally for the dyes studied (Fig. 6c–e) and the correlation was
especially good for MB equilibrium data. This suggests that the ad-
sorption of MB occurred through monolayer formation and the similar
active sites (mainly amino groups of NaCS-GL) were involved in the
process. In the case SaO, the Langmuir model did not predict the
maximum adsorption capacity very well, but generally showed the best
apparent fit especially for the curved portion of the isotherms sug-
gesting the amino groups as a prime adsorption sites for SaO as well.
However, some carboxylate groups of NaCS-GL also underwent ad-
sorption with cationic dyes due to their negative surface after the
leaching of sodium. Whereas with Tart, the isotherm curves (Fig. 6e)
showed some hysteresis at a low concentration region, due to the
weaker interactions between the Tart and the surface in these condi-
tions, and enhanced adsorption at higher concentrations. This phe-
nomenon also observed earlier for chitosan-based adsorbents at low pH
and successfully modeled by the Sips model (Repo et al., 2010).

In the case of metals, the Freundlich and Temkin models obtained
the best apparent fittings (Fig. 6f and g). The Sips model gave higher R2

values for Pb(II) most likely due to better fitting at low concentrations.
The Freundlich model suggested that the adsorption process was het-
erogeneous supported by the fact that the metals most likely interacted
with both amino and carboxylic groups on the surface. The fitting of the
Temkin model supported the heterogeneity, and simultaneously
monolayer adsorption behaviour. In addition, the n values> 1 and RL

values< 1, suggested the favourable adsorption onto NaCS-GL ad-
sorbent surface. Furthermore, the adsorption energy values (D–R
model)< 8 kJ/mol indicating physical interactions between the surface
and adsorbed compounds. Even if the D–R model did not fit well to the
experimental data, the obtained energy values supports similar values
obtained from the Temkin isotherm fitting.

The adsorption of pollutants onto the NaCS-GL surface was in-
vestigated by FTIR, SEM and EDS analysis. From the FTIR spectra of
NaCS-GL after dyes adsorption (Fig. 6i), showed the shifts in the peaks
of NeH groups (at 1585 cm−1 for NaCS-GL) revealing that the amino
groups were the main participant functional groups for interaction and
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adsorption of dyes. On the other hand, there was no shifting of peak (at
1585 cm−1 for NaCS-GL) confirming that the amino groups were not
participating in the adsorption of metal ions (Fig. 6h). Moreover, the
leaching of sodium ions (Section 3.2.3) also suggested the cross-linking
of metal ions with two carboxylate ions and not with the amino groups.
Similar crosslinking behaviour of sodium form of chitosan with Ca+2

ions was also observed in our previous studies (Doshi et al., 2018). The
EDS of NaCS-GL after adsorption (mentioned in Table 2), shows the
presence of sulphur in MB and Tart, whereas Pb and Cd in the re-
spective metal ions adsorption. However, sodium was absent after the
adsorption of pollutants, suggesting that Na+ ions of NaCS-GL (from
eCH2COONa) had interacted with the Cl– ions of MB and SaO and
respective negative ions of metal ions solution. This also confirmed the
leaching of sodium during adsorption. For the SEM images of pollutants
after adsorption and the adsorption mechanism of pollutants on the
surface of NaCS-GL refer to SM4.

3.3.2. Thermodynamic study
The calculated thermodynamic parameters values of adsorbed pol-

lutants onto the NaCS-GL surface were incorporated in Table T2 (refer
SM5). The negative values of ΔG° suggest the feasibility and spontaneity
(Pb(II)> SaO > Tart > Cd(II)>MB) of this adsorption process. The

decrease in ΔG° values with increasing temperature confirms that ca-
tionic and anionic dyes along with Pb(II) and Cd(II) were better ad-
sorbed at higher temperatures (Mezenner & Bensmaili, 2009). More-
over, the negative value of ΔH° for MB, SaO, Tart and Cd(II) adsorption
indicates the exothermic nature of adsorption, whereas the positive
value of ΔH° for the adsorption of Pb(II) suggests the adsorption as
endothermic due to the faster reaction rate compared to other pollu-
tants. A similar behaviour of Pb(II) had observed before (Amer, Khalili,
& Awwad, 2010; Alfaro-Cuevas-Villanueva, Hidalgo-Vázquez, Penagos,
& Cortés-Martínez, 2014). Furthermore, positive values of ΔS° reveal
that an increase in the movement at the solid-liquid interface during
adsorption had increased the entropy.

3.3.3. Regeneration study
The recovery and reusability of adsorbent is one of the important

industrial applications. The regeneration of NaCS-GL after the adsorp-
tion of MB, SaO, Pb(II) and Cd(II) was performed by HCl (0.1M),
whereas for NaCS-GL after the adsorption of Tart, NaOH (0.1M) was
used. The sodium form was retrieve by using NaCl/Na2CO3 solution.
The regeneration studies details can be found in SM6.

Fig. 5. (a) Sodium leaching from NaCS-GL after Pb(II) and Cd(II) adsorption, (b) Sodium leaching from Pb(II) loaded NaCS-GL and Cd(II) loaded NaCS-GL after MB
and SaO adsorption, (c) Removal of MB and SaO from Pb(II) loaded NaCS-GL and Cd(II) loaded NaCS-GL, (d) Mechanism of sodium leaching and competitive
adsorption between Pb(II) and MB.
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Fig. 6. Effect of initial concentrations on the adsorption of (a) dyes and (b) metal ions. Non-linear regression for isotherm model by Matlab for (c) MB at 25 °C, (d)
SaO at 45 °C (e) Tart at 35 °C, (g) Pb(II) at 45 °C and (h) Cd(II) at 35 °C. FTIR spectra of NaCS-GL before and after the adsorption of (h) metal ions and (i) dyes.
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3.4. Competitive adsorption

The competitive adsorption shows the behaviour and order of pol-
lutants adsorption in the presence of each other. The removal of Pb(II)
and Cd(II) was> 95% and>79%, respectively up to 20mg L−1 solu-
tions for both MB and SaO (Fig. S6a and b in SM7). By increasing the
concentration of the solutions to 50mg L−1, the removal of Pb(II) and
Cd(II) drops to 67% and 8%, respectively. This reveals that the ad-
sorption of Pb(II) had ruled over the adsorption of Cd(II) ions, which is
in good agreement with the adsorption of metal ions. However, the
removal efficiency of MB and SaO was less than Cd(II) for a lower
concentration, and from 40mg L−1, the removal efficiency of MB and
SaO exceeds Cd(II), and reaches the flattening plateau. This shows that
reactive sites taken up by cationic dyes are much more than metal ions.
Therefore, the overall reactivity is Pb(II)> SaO > MB > Cd(II). On
the other hand, the adsorption capacity of metal ions with Tart does not
show up as high removal (Fig. S6c in SM7), as the pH of the solution
was<3. This shows that all the protonated amino and carboxylate
groups of NaCS-GL were attracted towards Tart, and not giving enough

vacant sites to metal ions for adsorption onto the NaCS-GL surface. This
removal data of the metal ions are in a good resemblance to the removal
efficiency of metal ions with respect to pH. Moreover, the adsorption
stepped down in saline water, and the effect of electrolyte on the ad-
sorption of MB was investigated and the details can be found in SM8.

3.5. Comparison of the adsorption performance

The maximum adsorption capacity (qm) of NaCS-GL was compared
with some other chitosan adsorbents reported earlier in the literature
(refer Table 5). This concludes the effectiveness of NaCS-GL in the re-
moval of dyes and metals was the maximum compared to other ad-
sorbents.

4. Conclusion

In the study, NaCS-GL was synthesized and characterized using
various techniques. The carboxymethylated part of the Na-CS remained
unaltered after glutaraldehyde crosslinking in NaCS-GL. However, the

Table 4
The calculated adsorption isotherm parameters models for the removal of MB, SaO, Tart, Pb(II) and Cd(II) by NaCS-GL.

Pollutants T
(°C)

Langmuir Freundlich Temkin Dubinin-Radushkevich Sips

qm RL R2 n R2 R2 E R2 qm R2

MB 25 338.04 0.3648 0.9908 3.742 0.9356 0.9830 0.35 0.8843 376.43 0.9988
35 353.30 0.3825 0.9896 3.598 0.9374 0.9885 0.36 0.8784 395.28 0.9984
45 357.37 0.3642 0.9861 3.652 0.9403 0.9892 0.34 0.8822 406.59 0.9971

Sa O 25 97.84 0.0853 0.9476 7.497 0.7749 0.8470 0.97 0.9678 95.29 0.9655
35 100.9 0.0970 0.9319 6.763 0.7728 0.8471 0.96 0.9622 97.14 0.9556
45 105.3 0.1641 0.9582 6.049 0.7947 0.8774 0.95 0.9490 102.4 0.9612

Tart 25 628.7 0.6925 0.9506 2.325 0.9072 0.8761 0.90 0.9018 666.6 0.9514
35 663.1 0.6416 0.9438 2.347 0.8649 0.8573 0.89 0.8875 639.6 0.9443
45 695.9 0.6197 0.9420 2.394 0.8539 0.8542 0.93 0.9244 610.9 0.9554

Pb(II) 25 43.68 0.0029 0.9323 6.767 0.8138 0.8778 5.65 0.9255 43.12 0.9764
35 45.51 0.0022 0.9342 6.737 0.8343 0.8932 6.49 0.9203 44.96 0.9705
45 46.41 0.0023 0.8836 6.831 0.8291 0.8729 1.20 0.8235 45.97 0.9217

Cd(II) 25 28.69 0.0022 0.8522 7.209 0.9131 0.9229 6.41 0.8425 111 0.9136
35 28.50 0.0016 0.7955 6.993 0.9157 0.9005 0.91 0.8286 214.5 0.9144
45 32.52 0.0013 0.5497 6.867 0.9185 0.8976 0.79 0.8206 241.9 0.9163

Table 5
Comparison of maximum adsorption capacities (qm) of MB, SaO, Tart, Pb(II) and Cd(II) using different chitosan adsorbents.

Adsorbent Pollutants qm (mg g−1) Ref.

For removal of dyes
Chitosan MB 30.1 Guo and Wilson (2012)
Activated lignin-chitosan MB 36.25 Albadarin et al. (2017)
Carboxymethyl chitosan-modified magnetic-cored dendrimer MB 96.31 Kim, Jang, and Park (2016)
Chitosan-crosslinked ĸ-carrageenan MB 130.4 Mahdavinia and Mosallanezhad (2016)
Activated oil palm ash zeolite/chitosan MB 199.20 Khanday, Asif, and Hameed (2017)
Chitosan hydrogel beads MB 226.24 Chatterjee et al. (2011)
Amino-functionalized attapulgite clay MB 226.24 Zhou et al. (2015)
Crosslinked O-carboxymethyl chitosan MB 239.54 Sarkar et al. (2012)
Chitosan Tart 350 Dotto et al. (2012)
Chitosan films Tart 413.8 Rêgo, Cadaval, Dotto, and Pinto (2013)
NaCS-GL MB 365.77 This work
NaCS-GL SaO 126.80 This work
NaCS-GL Tart 609.26 This work
For removal of metal ions
Chitosan Cd(II) 5.93 Bhatnagar and Sillanpää (2009)
Cross-linked chitosan-Polyphosphate-Epichlorohydrin Beads Pb(II) 28.42 Jing et al. (2013)
Chitosan-modified polyethylene terephthalate (PET) Pb(II) 31.25 Niu, Ying, Li, Wang, and Jia (2017)
Ethylene-1,2-diamine-6-deoxy-chitosan Pb(II) 31.8 Chethan and Vishalakshi (2013)
Ethylenediamine modified chitosan microspheres Pb(II) 46.51 Chethan and Vishalakshi (2015)
Thiocarbohydrazide cross-linked chitosan-poly(vinyl alcohol) Pb(II) 47.36 Ahmad, Manzoor, Chaudhari, and Ikram (2017)
Chitosan saturated montmorillonite Pb(II)

Cd(II)
79.92
23.03

Hu, Zhu, Cai, Hu, and Fu (2017)

S. cerevisiae loaded nanofibrous mats (Poly(ε-caprolactone)-Chitosan-Rectorite) Pb(II) 238 Xin et al. (2017)
NaCS-GL Pb(II) 51.93 This work
NaCS-GL Cd(II) 36.43 This work
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decreased amount of carboxylic acid content confirmed the expansion
of molecule per gram after crosslinking. NaCS-GL was mesoporous,
having a sufficiently high surface area of 178 m2/g, and the presence of
carboxylate groups (eCOONa) in NaCS-GL altered the protonation
process of amino groups. This increased the surface activity of NaCS-GL,
which enhanced the adsorption capacities of dyes and metal ions on its
surface. Initially, film diffusion or chemical reaction control the rate of
the adsorption followed controlled by the pore diffusion. The Langmuir
isotherm model best fitted to the experimental equilibrium data for
dyes. However, for metals, the Freundlich and Temkin isotherm models
fitted better, suggesting surface heterogeneity. Based on the obtained
results NaCS-GL with different surficial chemistry is the potential ad-
sorbent for the removal of cationic and anionic dyes along with heavy
metals. The applicability of NaCS-GL could be extended in the future for
the water remediation of industrial effluents.
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The traces of hazardous chemicals used in oil spill response have harmedmarine creatures with long-term cyto-
toxic impacts, so, a greener alternative is to use biodegradable components in the dispersant formulation. This
study demonstrates the efficiency of carboxymethylated and acylated chitosan combinedwith powdered orange
peel (OP-D) in the emulsification of marine diesel and 2T-oil with different qualities of water. OP-D particles un-
dergo Pickering emulsions, whereas the amphiphilic behaviour of the Blend and hydrophobically modified
carboxymethyl chitosan-orange peels (CSOP-A) favours conventional emulsions through steric and electrostatic
stabilization. The emulsion formation rate was maximum with OP-D in saline water and autonomous of the
water quality with Blend. Additionally, different hydrophobic moieties on the surface of the Blend and CSOP-A
affected the oil droplets' stabilization rate. Changing pH altered the surface properties of particles and hence
the nature of the formed emulsion range from gel-like to creamy, suggesting particle-particle to particle-oil inter-
actions. An increase in electrolyte concentration enhanced the coalescence rate ofmarine dieselwith CSOP-A. The
oil droplet size in the formed emulsion increases with a temperature decrease up to 2 °C, and the emulsion sta-
bilization rate was b10% at −20 °C. The traces of these synthesized materials were b1000 mg L−1 in the water
phase after the removal of oils. Since these materials are bio-based, their presence in the ecosystem is less haz-
ardousness than commercial dispersants.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

After a number of oil spill incidents such as Deepwater Horizon in
theGulf ofMexico and ExxonValdez in Alaska, various rules, regulations
and strategies have been enacted to control such spills in the future.
Currently, various techniques such as mechanical methods, bio-
remediation, in-situ burning and dispersants are applied to oil spill re-
sponse, depending on the climatic conditions. In the Arctic region,
chemical herders forming thick oil slicks are key to effective in-situ
burning [1], but the fracturing of oil during the herding process in the
presence of ice reduces burning efficiency [2]. Secondly, the type of oil
and its behaviour with ice and saline water also play a significant role
in dispersant efficiency [3]. Although chemical dispersants have en-
hanced the biodegradation of spilled oil by reducing oil droplet size,
these dispersants in water resources were cytotoxic for marine crea-
tures [4,5]. Recently, many alternative eco-friendly dispersants based

on food-grade amphiphiles have been studied [6,7]. In addition, oil
emulsifiers based on biopolymers such as cellulose [8,9], chitosan
[10,11], and xanthan gum [12] have been studied extensively for oil
spill response.

Chitin found in the shells of crustaceans and molluscs is the second
most abundant natural polymer [13,14], amajor source of surface pollu-
tion in coastal areas and a waste material in seafood production indus-
tries [15]. Therefore, the utilization of leftover chitin would reduce the
amount of sea waste [16]. Chitosan is the deacetylated form of chitin
and widely used as a biomaterial and a sorbent, because of its diverse
surface properties. The surface-active functional groups of chitosan
can be modified by various methods such carboxyalkylation, acylation,
alkylation, cross-linking, grafting and ionic-gelation, which can be effec-
tively used in oil spill treatment [17]. Despite chemicalmodification, the
fundamental skeleton remains intact in modified chitosan, which re-
tains its original physicochemical and biochemical properties, and in-
corporates improved properties. Amphiphilic chitosan can be used as
a surfactant, either in the form of a dispersing or herding agent. Re-
cently, chitosan-based bio-polymeric blends [18] and magnetic
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nanoparticles [19,20] have also been studied for the removal and/or
separation of oil from water resources.

Emulsion droplet stabilization is often achieved through the addition
of amphiphilic molecules such as surfactants or emulsifiers, which de-
crease interfacial tension between the phases and increase steric hin-
drances and/or electrostatic repulsion between the droplets [21].
Furthermore, the emulsion stabilization also depends on particle con-
centration and particle-particle interactions [22]. Chitosan andmodified
chitosan produce stabilized conventional emulsions, where dissolved
materials provide a steric barrier against coalescence of the oil droplets
due to weak surface activity [23,24]. So far, the Pickering emulsions
have attracted more interest in the field of nanoparticles, as they form
kinetically stable emulsions through a physical barrier and not by de-
creasing the tension between the phases. In other ways, particles un-
dergo Pickering emulsions via irreversible adsorption at the liquid-
liquid interface to stabilize emulsions [21,25,26]. On the other hand,
French et al. showed the exchange of particles between the droplets in
Pickering emulsion [27]. The particles must be small enough for effec-
tive Pickering emulsion and to regulate the size of the oil droplets,
while larger particles will improve steric hindrance and prevent coales-
cence [22,28,29]. The adsorbed surface-active particle at the interface
provides electrostatic or steric barriers against coalescence, and thus en-
hances the emulsion stability.

A large amount of food waste (lignocellulosic-rich) is generated by
agricultural and various food industries, and nearly 15.6 million tonnes
of waste comes from citrus fruit peel [30]. This peel is rich in nutrients
[31,32] and could be effectively applied in wastewater remediation
[33–35] and many other alternative sustainable technologies [36–38].
Orange peel (OP) is composed of flavonoids, phenolics, carotenoids,
pectin, lignin, cellulose, hemicellulose, limonene, soluble sugars, oil
and fat [39]. The esterification of sugars (such as sucrose) [40] andflavo-
noids [41] by acid chlorides acts as a surfactant. Abudullah et al. demon-
strated the removal of oil from saline water using orange peel, but its
removal efficiency decreased with decreasing salinity [42]. Previously,
we demonstrated the destabilization ofmarine diesel up to seawater sa-
linity using a sodium formof chitosan derivative [43] but, to the authors'
knowledge, the combined derivative of chitosan and orange peel has
not yet been studied for the stabilization of oil.

The objective of conducting this study was to demonstrate the valo-
rization of orange peel (OP) together withmodified chitosan as surface-
active particles and/or an emulsifier. These materials undergo hydro-
phobic modification via acylation, and are used to stabilize marine die-
sel and 2T-oil present on the water surface. The synthesized materials
were characterized using a Fourier transform infrared spectrophotome-
ter (FTIR), Proton nuclear magnetic resonance spectroscopy (1H NMR),
X-ray diffraction spectroscopy (XRD), Brauner, Emmet and Teller analy-
sis (BET), Elemental analysis (EA), Scanning electronmicroscopy (SEM),
Energy dispersive X-ray spectroscopy (EDS) and surface charge. The
droplets stabilization rate of oils was studied using these materials
with deionized and salinewater. The emulsion behaviour ofmarine die-
sel and 2T-oil was also investigated as a function of solution pH and sa-
linity. As these oils have different densities and composition, their
stabilization rate varied. We used visual observations and optical mi-
croscopy to study the oil droplets formed due to the stabilization of
oils. We also investigated the nature of the oil droplets with varying
temperature, and furthermore, we studied the total organic carbon
(TOC) amount of these derivatives inwater using the non-purge organic
carbon (NPOC) method after the removal of oils/emulsified oils.

2. Material and methods

2.1. Materials

Chitosan (from shrimp shells), acetone, oleoyl chloride (C18),
lauroyl chloride (C12), hydrochloric acid (HCl), sodium hydroxide
(NaOH) and ethanol were obtained from Sigma Aldrich Oy and Altia

Oyj. All chemicals were used without further purification. OP waste
was collected from oranges purchased from the local market. Marine
diesel and 2T-oil were purchased from Neste Oyj, Finland. Deionized
water (DI) was used throughout the experiments and saline water
was collected from the area near Matinkylä Espoo, Finland.

2.2. Synthesis of powdered orange peels, hydrophobically modified
carboxymethyl chitosan-orange peels and the Blend

Chitosan-based materials, sodium form of carboxymethyl chitosan
(Na-CMCS) and sodium form of carboxymethyl oleoyl chitosan (NaO-
CMCS) were synthesized as per our previous studies [43]. The synthesis
routes (SR) are shown in Fig. 1.

In SR1, orange peel waswashed and dried at room temperature (RT)
for 48 h. This dried orange peelwas ground in a tubemill anddried again
for 24 h at 60 °C making powdered orange peel (OP-D). In SR2, equal
portions of OP-D and NaO-CMCS were mixed to get the Blend. In SR3,
themixture of Na-CMCS (1.2 g) and OP-D (1.1 g) was soaked in acetone
(20 mL) for 1 h at 5 °C. To this mixture, lauroyl chloride in acetone (1:1,
2.6mL each) andNaOH solution (4M)were added simultaneously after
30 min, and stirred continuously for 4 h at the same temperature. Etha-
nol (70%) was then added to the reaction mixture. The obtained solid
was washed three times with ethanol (70–90%), dried overnight at RT
and ground in the tubemill. This obtained dried solid is hydrophobically
modified carboxymethyl chitosan-orange peel (CSOP-A).

2.3. Characterization

The synthesized materials were characterized using FTIR, SEM/EDS,
XRD, 1H NMR, elemental analysis, BET, and surface zeta potential (ZP).
The interfacial tension between the oil and aqueous phases was also de-
termined using these materials. The details about the characterization
methods are available in SM1.

2.4. Effect of dosage and solution pH on the emulsion formation rate

The emulsion formation rate was studied by mixing 10 mL
(0–2.5 g L−1) of synthesized materials solutions in DI and SW, respec-
tively, with an oil-to-water ratio of 0.1, so the material-to-oil-ratio
would range from 0 to ~0.03 depending on the type of oil (Refer SM2).
The mixing was conducted in a centrifuge tube (15 mL) with a test tube
shaker (Heidolph) at 2000 rpm for 1 min. After mixing, these solutions
were rested for a day to evaluate the stabilization rate, i.e. the emulsion
formation rate (see Eq. (1)). The oil droplet size in the emulsion formed
was also measured with an optical microscope (Zeiss Axio using the
206-camera unit Axio CamERc5s with ZEN software). Similarly, the effect
of pH ranging from 3.5 to 10.5 was investigated in the stabilization rate
with the optimized dosage (from the above studies). The amount of sep-
arated oil was measured simultaneously to determine the coalescence
rate (see Eq. (2)) of oil aftermixing and resting. This optimized concentra-
tion and solution pH were used for further studies.

Emulsion formation rate %ð Þ ¼ Ci−Cs

Ci
� 100 ð1Þ

Coalescence rate %ð Þ ¼ 100−
Ci−Cs

Ci
� 100

� �
ð2Þ

where Ci and Cs (g) are the initialweight of oil taken and theweight of the
separated amount of oil collected after mixing and resting, respectively.

2.5. Water salinity and the effect of temperature on the stabilization of oil
droplets

Solutions with different salinities (0–4 g L−1) were prepared for this
study. Optimized concentration solutions were prepared using these
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solutions, to which oil was added keeping the oil/water ratio at 0.1. The
remaining procedure of mixing and resting was performed as per
Section 2.4. The heights of the emulsified layer and coalescence layer
were used to determine the oil droplets stabilization rate in the emul-
sion formed. Moreover, using optimized concentration and pH solution
in DI and SW, the effect of temperature was studied at RT, 2 °C and−20
°C, respectively, with the same oil/water ratio. After mixing these solu-
tionswere rested at RT and 2 °C for one day. However, for−20 °C, the DI
and SW with oil were stored in a deep freezer. After a day, these solu-
tions were taken out and optimized concentration solution was added
to them, mixed and stored back in the freezer. The oil droplet stabiliza-
tion rate was studied periodically by measuring the oil droplet sizes
with an optical microscope for 4 weeks. The oil droplets size was also
measured with a laser diffraction spectrometer (Malvern Mastersizer
3000 with Hydro SV unit, UK).

2.6. Water quality after the emulsion stabilization and removal of oils

Traces of surface-active materials in water resources after the re-
moval of oil are an important factor for the marine ecosystem after oil
spill treatment. For this study, the top oil layer (either emulsified or sep-
arate oil) was removed and the aqueous layer was tested using the

NPOC method (TOC Analyzer, Shimadzu) in order to determine the
amount of surface-active particles traces in the water.

3. Results and discussions

Carboxymethylated chitosan and hydrophobically modified
carboxymethylated chitosan possess surface-active moieties such as
carboxyl, hydroxyl and amino groups, and undergo a nucleophilic reac-
tion to enhance their physiochemical properties. Similarly, OP-D also
consists of surface-active functional groups such as hydroxyl and car-
boxyl. In CSOP-A, nucleophilic acyl substitution takes places between
the free amino groups of the carboxymethylated polymer (Na-CMCS)
and lauroyl chloride through an addition/elimination type mechanism.
Furthermore, the hydroxyl groups of OP-D are also acylatedwith lauroyl
chloride via similar substitution mechanism. There might be a cross-
linking between the free amino groups of Na-CMCS and carboxyl groups
of OP-D. Since the Blend is a mixture of hydrophobically modified
carboxymethylated chitosan and OP-D, no further surface modification
between them takes place, so these molecules either underwent inter-
molecular interaction or modified their own surfaces (see Fig. 1) to en-
hance their existing physiochemical properties. The sizes of OP-D,
CSOP-A and the Blend particles are shown in Fig. S1 (refer Supplemen-
tary Material SM3).

Fig. 1. Schematic of OP-D, Blend and CSOP-A synthesis along with the structural and functional change.
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3.1. Characterization

3.1.1. Surface morphology
The surface morphology of the synthesized materials are shown in

Fig. 2 and Fig. S1 (refer SM3). The surface of OP-Dwas clean and smooth
(Fig. 2a) whereas, in CSOP-A the formation of slits and clumps (see the
white circled part of Fig. 2b) suggests the mixed morphology of hydro-
phobic modification in chitosan derivative together with OP-D. How-
ever, in the Blend (Fig. 2c), the slit formation was not so remarkable,
as hydrophobically modified chitosan does not undergo further modifi-
cation, except for mixing with OP-D. The EDS elemental composition
(see Fig. 2a–c) shows the presence of sodium, revealing that CSOP-A
and Blend are in sodium form, which was absent in OP-D. Even though
there was the addition of hydrocarbon chain, the presence of sodium in

these materials reduced their %C content in comparison to OP-D. The
CHNS-O elemental results are shown in Table S2 of SM4. The BET surface
area of OP-D, CSOP-A and Blendwas0.09m2/g, 0.39m2/g and 0.34m2/g,
respectively. This shows that combining OP-Dwith chitosan derivatives
enhances the surface structure of CSOP-A and Blend, so they were
rougher and more porous than OP-D, which is in good agreement
with the SEM results.

3.1.2. Spectrometric analysis
The FTIR spectra of OP-D, CSOP-A and Blend are shown in Fig. 2d. In

OP-D spectrum, the broad peak near 3400 cm−1 shows the –OH groups
on pectin, cellulose, hemicellulose and lignin. 1733 cm−1 indicates C_O
stretching, and 1615 cm−1 is attributed to C_C aromatic stretching, re-
spectively. In addition, the peak at 1635 cm−1 is most likely the water

Fig. 2. SEM Images and EDS results of (a) OP-D, (b) CSOP-A and (c) Blend along with FTIR spectra (d) and XRD spectra (e).
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peak. In CSOP-A, sharp peaks around 2925 cm−1 and 2850 cm−1 were
attributed to the C\\H stretching of lauroyl chains, 1564 cm−1 might
be attributed to N\\H (amide II) linkage revealing the incorporation of
lauroyl moiety onto its surface after acylation [43]. Furthermore this
peak might also be attributed to either imine (C=N) crosslinking be-
tween the sugar molecules of OP-D with the amino groups of chitosan
through a Schiff base reaction [44] or amide bond (=C-NH) between
the carboxyl group of OP-D and amino groups of Na-CMCS [45]. The
peaks at 1591 cm−1 and 1423 cm−1 are attributed to the C_O symmet-
ric stretching of –COONa, respectively, so the 1733 cm−1 peak was ab-
sent in CSOP-A, as the carboxyl groups are in sodium salt form due to
the alkaline pH during the synthesis. In the Blend, peaks at 2920 cm−1

and 2850 cm−1 show the C\\H stretching of oleoyl chains, 1733 cm−1

indicates C_O stretching due to the presence of OP-D, and 1589 cm−1

indicates the –NH– group, respectively. The peak at 1016 cm−1 in OP-
D and the Blend were attributed to the C\\O group [46]. Moreover,
the peaks in the range of 850–1150 cm−1 were attributed to the C\\O,
C\\C and C-O-C of the polysaccharide chain having a glycosidic bond
and pyranoid ring [38] present in OP-D, CSOP-A and the Blend.

The XRD spectra are shown in Fig. 2e. The XRD spectra of OP-D
shows two peaks at 18° and 25°, but there were no other well-defined
peak regions, which indicates the absence of a discrete mineral phase
in OP-D. Thus, OP-D has a completely amorphous structure as expected
for organic materials, and similar behaviour has also been previously
observed [47]. The spectra of chitosan, Na-CMCS and NaO-CMCS are
available in the supplementary data (Fig. S2 in SM5). Compared to the
XRD pattern of OP-D, the diffractogram of CSOP-A and the Blend
showed sharper peaks indicating the formation of a new crystalline
phase. The peak around 32° in CSOP-A and the Blend is attributed to
the carboxymethylated part present in them, and similar results were
previously observed for carboxymethylated chitosan [48]. In addition,
the peaks around 37° and 53° (see part 2 of Fig. 2e) were observed in
CSOP-A and the Blend, might also be attributable to the acylation of
carboxymethylated chitosan, which was absent in OP-D.

The 1HNMR spectra are shown in Fig. S3 of SM5. In the 1HNMR spec-
trum of OP-D (Fig. S3a of SM5), the signals at ~0.8–1.7 ppm originate
from the fatty components and the signals at ~1.9–2.2 ppm show the
presence of O-linked acetate [49]. The spectral region of 3.0–6.0 ppm
is associated with ring hydrogen and mainly the presence of sucrose,
fructose and glucose, as witnessed by their respective intensities and
previous literature results [50,51]. However, in the CSOP-A spectrum
(Fig. S3b of SM5), the reduction of peak intensities in this region com-
pared to OP-D reflects that the –OH groups of sugars moieties present
in OP-D might have been substituted during acylation. Moreover, in
the CSOP-A spectrum, the peaks in the range of 1.1–2.0 ppm are attrib-
uted to the alkyl (CH2 and CH3) group of the lauroyl chain. The signal
obtained at 2.0 ppm corresponds to –NH-CH– linkage, obtained through
linkage of the –C=O– group of carbohydrate or pectin in OP-D with the
–NH2 group of chitosan derivative [52], and also attributed to the CH2

groups of the lauroyl chain. The new peak near 8.1 ppm is attributed
to the imine bond for the linkage between –NH2 group of chitosan de-
rivative and the –C=O– group of OP-D. This is in agreement with the
FTIR results. The peak resonance in the Blend (Fig. S3c of SM5) and
CSOP-A near to 3.7 and 4.1–4.6 ppm is attributed to carboxymethyl pro-
tons such as N-CH2-CO– and O-CH2-CO-, respectively. Moreover, the
signals at ~0.8–1.7 ppm in the Blend originate from the alkane proton
of oleoyl chain as well as fatty components present in OP-D.

3.1.3. Surface charge of OP-D, CSOP-A and Blend with different water qual-
ity, interfacial tension (IFT) and wettability

The initial pHs of OP-D, CSOP-A and the Blend in DIwere 5.5, 9.5 and
7.4, respectively. The magnitude of the surface charge depends on the
acidic or basic strengths of the surface groups and on the pH of the solu-
tion. In OP-D, when pH is increased, deprotonation of the carboxyl
group occurs, which then results in a decrease in zeta potential value
(i.e. more negative zeta potential). On the other hand, when pH

decreases, carboxyl groups are associated (i.e. protonated), which re-
sults in neutralization of charge and a consequent increase in zeta po-
tential (see Fig. 3a). The ZP below pH 4 and above 10 were not
considered due to the dissolution of OP-D components. In case of
CSOP-A and the Blend, simultaneous protonation of carboxyl and
amino groups occurred with a decrease in pH, which increased the ZP
overall by neutralizing the charge (see Fig. 3b–c). Another reason
might be the competing interactions between the oppositely charged
amino groups and carboxyl groups to neutralize the surface charge,
and similar behaviour has been previously observed [11]. So, when pH
is decreased to 4, the surface charge in CSOP-A seems to be close to
zero (i.e. no surface charge). In hypothesis, the hydrophobic segments
in CSOP-A and the Blend affects the conformations of polymers, as
they disturb the aggregation and formations of particles, and thus the
ZP (see Fig. S4 of SM6 for the phase diagram). Furthermore, the
carboxymethylated groups in the Blend and CSOP-A are attributable to
a more negative surface than OP-D. As shown in Fig. 3a–c, the ZP were
less negative in SWthan inDI. One reasonmight be that the ionspresent
in SW formed an electrical double layer with the surface charges of
these materials. Furthermore, there might be ion exchange between
the surface charge and electrolytewith decreasing pH (see SM6 for con-
ductivity). In Fig. 3d, the hump near pH 6.5 shows the protonation of
amino groups in the Blend and CSOP-A, which was absent in OP-D.
The protonation rate in CSOP-Awas less than the Blend, which suggests
that some amino groupsmight have linkedwithOP-D, instead of linking
with lauroyl moieties during acylation. This is in a good agreementwith
FTIR and NMR interpretations.

IFT is the prime parameter for the formation of emulsion and its sta-
bility. The surface-active agents, by orienting their hydrophilic groups
towards the aqueous phase and hydrophobic groups towards the oil
phase, reduce the IFT between these two phases. The initial IFT between
marine diesel and the water phase (deionized water and saline water)
without any OP-D, CSOP-A and the Blend was 15.55 ± 0.08 mN/m
and 34.76 ± 0.68 mN/m, respectively. A small addition of OP-D, CSOP-
A and the Blend in DI reduces the IFT by sequential, whereas with SW
this reductionwas drastic (refer Fig. 3e–f). This shows that the presence
of hydrophobicmoietiesmade CSOP-A and the Blendmore amphiphilic,
which drastically reduced the IFT. Generally, the lower the IFT, the
higher the emulsion stability. The wettability of the particles was deter-
mined by contact angle using the sessile dropmethod. The contact angle
of OP-D, Blend and CSOP-A were about 63°, 83° and 113°, respectively
(see Fig. S6 of SM6). This shows that hydrophobic moieties in the
Blend and CSOP-A enhanced the contact angle as compared to OP-D.
Kaptay also suggested that the optimum contact angle for the stabiliza-
tion of emulsions by a single or double layer of particles is b90° or b129°,
for o/w emulsion [53]. Furthermore, the polar and non-polar parts of
these materials show “like-dissolves-like” characteristics, i.e. the polar
part will show the dissolution in the aqueous phase and non-polar in
the oil phase.

3.2. Emulsion formation as a function of OP-D, CSOP-A and blend dosage

The behaviour of the surface-active particles mainly depends on
water quality and type of oil, and IFT and wettability determine emul-
sion efficacy. Fig. 4a shows the emulsion formation rate of marine diesel
versus surface-active particles dosage at native pH. The increase inOP-D
concentration in DI increased the emulsion formation rate from 5% to
70%. This suggests the adsorption of OP-D at the interface, which resists
droplet coalescence via electrosteric stabilization. On other hand, OP-D
particles being smaller in size provides a barrier against droplets coales-
cence (Fig. 4b1), resulting in solid-stabilized (Pickering) emulsion. The
presence of hydrophobic hydrocarbon segments in the Blend reduces
the IFT as compared to OP-D (refer Fig. 3e), so the effectiveness of the
Blend was N80% even with a low dosage (0.5 g L−1). This reveals that
the orientation of the hydrophobic hydrocarbon segments (oleoyl
groups) of the Blend at the oil-water interface have generated a steric
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barrier between the oil droplets. Furthermore, the magnitude of this
steric barrier between the droplets was enhanced with the increasing
concentration of the Blend, due to the dense packing and thick interface
of the molecules around the oil droplets (Fig. 4b2). In addition, there is
also formation of the Pickering emulsion in the Blend due to presence of
OP-D. This resulted in an overall increase in the emulsion formation
rate. Despite the hydrophobic moieties in CSOP-A, the maximum stabi-
lization rate was about 50%, which might be because of the exposure of
the non-polar region to the surrounding water, which has started gen-
erating hydrophobic attraction between the droplets [54] due to the
rupturing of the steric interactions of CSOP-A from the oil droplets.
This resulted in the aggregation of oil droplets and destabilization of
the emulsion (Fig. 4b3). Although CSOP-A and the Blendhave a negative
surface ZP in DI (Refer Fig. 3b–c), the emulsion formation rate varied in
them due to the presence of different hydrocarbon segments. Shiao
et al. previously demonstrated the effect of the hydrocarbon chain on
oil stabilization [55]. In addition, lengthening the hydrocarbon chain
also enhanced ions exchange and hydrophobic interactions [56,57], so
the interaction of CSOP-Awithmarine diesel differs from the Blend. Fur-
thermore, the o/w emulsion behaviour was gel-like in the Blend due to
the presence of OP-D whereas, with CSOP-A, creamy emulsions were

observed (Fig. 4b). The oil droplet size in OP-D (Fig. 4c) and the Blend
(Fig. 4d) was thus N100 μm, whereas it was b100 μm in CSOP-A
(Fig. 4e). The coalescence rate dominated the droplets stabilization
rate with CSOP-A in SW, whereas the presence of OP-D in the Blend
showed N90% conversion of oil into emulsion, even at a very small dos-
age (refer Fig. S7 of SM7 for emulsion formation). Our previous results
demonstrated that a dosage of about 2.0 g L−1 NaO-CMCS was required
to form stable emulsion with SW [43]. On the other hand, this study
shows that the addition of OP-D to NaO-CMCS reduces the dosage to
halfwith the same SW. This shows thatwater salinity decreases the crit-
ical micelle concentration of the Blend. Similar results have been previ-
ously observed [58].

The emulsion formation 2T-oil (Refer Fig. 5a) differs from marine
diesel in its composition. 2T-oil, being viscous, consists of solvent-
dewaxed heavy paraffinic and polyaromatics, that can easily form a
creamy layer with water even in the absence of oil emulsifier/surface-
active particles. Furthermore, a small addition of either OP-D, the
Blend or CSOP-A converts this creamy layer to an emulsified layer
(Figs. 5b and S8). However, the droplet stabilization rate is more likely
to be dependent on the type of water for CSOP-A as, with DI, this rate
was about 22%, whereas with SW it was about 90%. This also shows

Fig. 4. (a) Effect of OP-D, CSOP-A and the Blend dosage in the emulsion formation ofmarine diesel, (b) emulsion formationwithmarine diesel having 2.0 g L−1 of dosage OP-D, CSOP-A and
the Blend inDI alongwith the emulsionmechanismwith OP-D (b1), the Blend (b2) and CSOP-A (b3). Microscopic images of o/w emulsion for (c) OP-D (d) the Blend and (e) CSOP-Awith
marine diesel in DI taken at a magnification of 100 μm.

7B. Doshi et al. / Journal of Molecular Liquids 291 (2019) 111327



that the presence of different hydrocarbon chains in CSOP-Amight have
affected the emulsion stability and behaviour as discussed earlier but,
for the remainingmaterials, the droplet stabilization rate (emulsion for-
mation) was N80% with DI and SW. Although the emulsion behaviours
were not identical, the oil droplet sizes in the emulsions were b100
μm (Fig. 5c–e), so the optimal dosage of these materials was 2.0 g L−1

for all further studies.

3.3. Emulsification behaviour of oils with OP-D, CSOP-A and the blend at
different pH levels

The pH of wastewater-containing oil or spilled oil plays a significant
role in the applicability of the surface-active materials. When OP-D
interacted with marine diesel at its initial pH (5.5), there was a forma-
tion of gel-like emulsion suggesting the bridging of particles between
droplets and particle-particle interaction. So the obtained emulsion is
either Pickering emulsion or can be attributed to the hydrogen bonding
and to bonds between hydrophobic groups and oil droplets via steric
barriers [59]. In addition to steric stabilization, the electrostatic contri-
bution to this stabilization is quantified by electrophoretic mobility
(EM) proportional to the surface charge. The EM value of OP-D at
pH 4 is −1.14 μmcm/Vs, and decreases to −3.10 with increasing pH
(Fig. 6a). This shows the dissociation of carboxyl groups present in
OP-D at a lower pH, which forms a thicker adsorbed gel-like layer
with oil via electrosteric barriers whereas, at higher pH, the lower
value of EM tends to form o/w emulsion mainly due to steric stabiliza-
tion or Pickering emulsion. The electrolyte in SW increases the EM
(Fig. 6b) compared to OP-D in DI water, by shielding the negative
charges and enhancing the emulsion rate [60] through the electrostatic
barriers of electrical charges. The overall obtained emulsion was there-
fore due to steric and electrostatic stabilization. However, the OP-D so-
lution contains some non-dispersible parts, which form sediments and
do not take part in the formation of an emulsion (Fig. 6c).

The microscopic images of o/w emulsion at different pH levels in DI
and SW are shown in Fig. 6d–i and Fig. S9 of SM8, respectively. Since
CSOP-A possessed a glucosamine backbone along with OP-D, the EM
values differ from OP-D at a different pH range, so the oil stabilization
differs. In addition, the increment of EM values from the alkaline to
acidic pH region implied the adsorption of surface-active particles via

hydrophobic bonding, distributed on the external surfaces of aggre-
gates. Although there were long hydrocarbon segments in CSOP-A, the
simultaneous protonation of amino and carboxyl groups occurred in
CSOP-A with decreasing pH and mitigated the oil droplets' resistance
to coalescence by stepping down the emulsion rate (Refer Fig. 6f–g for
themicroscopic images). For the Blend, pH did not have a significant ef-
fect on the droplet stabilization rate, but rather changed the nature of
the o/w emulsion, i.e. gel-like emulsion at acidic pH and creamy emul-
sion at alkaline pH (refer Fig. 6h–i for the microscopic images and
Fig. 6j along with its mechanism). In addition, emulsion formation
with the Blend was independent of water quality, as some of the
hydrophobically modified chitosan in the Blend was effective in DI
and some of OP-D present in the Blend was effective with SW.

The droplets stabilization rate of 2T-oil in DIwasmore dependent on
pH, than that in SW (Fig. S10 in SM8), since the cation exchange from
SW with H+ of surface-active moieties (−COOH and –OH) of OP-D
and the Blend formed bulky o/w emulsion. In addition, the IFT of 2T-
oil is less in SW than DI, which resulted in the dissolution of some com-
pounds of 2T-oil in SW, and a similar result was previously reported
[61]. Furthermore, 2T-oil swells easily in SW, resulting in spontaneous
oil-in-water emulsification, which diffuses the surfactants across the in-
terface and forms bulky emulsion [62]. Nevertheless, for OP-D and the
Blend, decreasing pH formed an interfacial monolayer that contributed
to the prevention of dispersed 2T-oil droplets to coalescence, resulting
in a creamy and gel-like emulsion. Even though the EM values of the
Blend and CSOP-A do not differ much in SW with changing pH, the
emulsion behaviour changes in them due to the presence of OP-D and
crosslinked OP-D. Although the Blend and CSOP-A possess long hydro-
carbon chains, the pH gradient at the interface affects the steric barriers
and prevents the adsorption of long chains towards 2T-oil, whichmight
have increased the coalescence rate. Moreover, the protonation of
amino groups in the CSOP-Awith decreasing pH provides repulsive bar-
riers, which slightly resist the aggregation of droplets, so the coales-
cence rates of these hydrophobically modified materials varied in DI.

3.4. The role of water salinity in the stabilization rate of oil droplets

Different surface-active particles and their oil droplets stabilization
capacity with respect to the salinity of water are equally as important

Fig. 5. (a) Effect of OP-D, CSOP-A and the Blend dosage in the emulsion formation of 2T-oil, (b) the o/w emulsion with 2T-oil with 1.5 g L−1 of dosage OP-D, CSOP-A and the Blend in SW,
microscopic images of o/w emulsion for (c) OP-D (d) the Blend and (e) CSOP-A with 2T-oil in SW taken at a magnification of 10 μm.
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as pH. Fig. 7a shows the oil droplet stabilization of marine diesel in the
formed emulsion as a function of salinity. With OP-D, the droplet stabi-
lization rate of marine diesel increased with increasing electrolyte

concentration,whereas the orange-chitosan derivatives indicated drop-
let stabilization in a different way. One of the reasons might be that the
presence of electrolyte prevents hydration water around OP-D

Fig. 6. Effect of solution pH of OP-D, CSOP-A and the Blend on the electrophoretic mobility and coalescence rate of marine diesel (a) with deionized water and (b) with saline water.
Electrophoretic mobility is shown with black lines with symbols and coalescence rate is shown with blue lines with symbols. (c) The emulsion formation of marine diesel with OP-D,
CSOP-A and the Blend in acidic condition. Microscopic images of the o/w emulsion of marine diesel in DI water with OP-D at (d) acidic pH 4.1 and (e) alkaline pH 9.9, with CSOP-A at
(f) acidic and (g) alkaline pH, with the Blend at (h) acidic and (i) alkaline pH, at a magnification of 100 μm. (j) Emulsion mechanism of marine diesel with 2.0 g L−1 of Blend in DI at
acidic and alkaline pH.
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Fig. 8. Oil droplet size in the o/w emulsion at RT and 2 °C for marine diesel using (a) OP-D, (b) CSOP-A and (c) Blend using optical microscope. The droplet size measured with a laser
diffraction spectrometer of (d) marine diesel with optimized dosage, i.e. 2.0 g L−1of OP-D, CSOP-A and the Blend with a different quality of water at RT and (e) 2T-oil with the same
dosage in DI.

Fig. 7. Effect of salinity on the stabilization of oil droplets in the formed emulsion (a) Marine diesel and (b) Marine 2T oil using OP-D, CSOP-A and the Blend.
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molecules that reduces the electrostatic repulsion between the inter-
molecular hydrophilic groups, and enhances the hydrophobicity of
OP-D. Similar behaviour of surfactantwaspreviously observed [58]. Fur-
thermore, the crosslinking of metal ions with carboxyl and hydroxyl
groups present in OP-Dmight have reduced intermolecular electrostatic
repulsion. Kasprzak et al. demonstrated the coordination of metal ions
with flavonoids to form complexes [63]. In CSOP-A, the unavailability
of carboxylic acid reduced crosslinking activity with ions, and thus re-
duced its effectiveness in the emulsion stability at SW salinity. Although
CSOP-A possesses hydrocarbon chains, an increase in electrolyte con-
centration strengthened the electrostatic interaction of unreacted hy-
droxyl groups towards water, which enhanced the aggregation of oil
droplets and destabilized the emulsion of marine diesel. In case of the
Blend, the stabilization rate was not affected much with salinity vari-
ance in DI, due to the steric forces.

2T-oil consists of solvent-dewaxed heavy paraffinic and
polyaromatics along with hydrocarbons, which immediately form clus-
ters when mixed with SW. Even though the oil droplets stabilization
rate is similar (Fig. 7b), the nature of emulsionwith respect to thesema-
terials was different. OP-D formed stable emulsion that could be
skimmed easily, whereas CSOP-A and the Blend formed bulky lumps
due to the long hydrocarbon chain present in these derivatives. Sec-
ondly, the presence of electrolyte led to stronger interfacial activity
with these surface-active species, by limiting the coalescence effect
and then the stabilization [64].

3.5. Behaviour of oil droplets in the formed emulsion with changing
temperature

The measured oil droplet sizes in the o/w emulsion in varying pH at
RT and 2 °C for marine diesel using optical microscope are shown in
Fig. 8(a–c). The emulsion rate of the oils at RT and 2 °C does notfluctuate
much apart from the size of oil droplets in the emulsion. In addition, the
water quality also affected the oil droplet size. Thedroplet size ofmarine
diesel fluctuates with different surface-active particles used at RT
(Fig. 8d). In the case of 2T-oil, the oil droplet size in the emulsion was
b100 μm (Fig. 8e), but at −20 °C due to the ice formation, the water
quality did not play a significant role in the formation of o/w emulsion
due to the ice, but was rather more dependent on surface-active mate-
rials concentration. Therefore, the oil droplets stabilization rate (emul-
sion formation) on the surface of ice in the presence of these surface-
active materials decreased to b10%. Despite hydrophobic moieties in
CSOP-A and the Blend, the absence of the liquid-dispersed phase sup-
pressed the hydrophilic properties of these surfactants, which in turn
inhibited the formation of emulsion. Secondly, in such cold conditions,
the viscosity of the oils increases, whichmight be one reason for the in-
effectiveness of these materials in the formation of emulsion. These
particle-formed surfactants were effective for spilled oil above 0 °C,
due to their dispersion in water, but below 0 °C there was a decline in
the dispersion rate and particle effectiveness in the stabilization of oil
droplets or formation of the emulsion also declined.

Fig. 9. Total organic carbon (TOC) content after the removal of marine diesel (a) at acidic pH and (b) at alkaline pH, and after the removal of 2T-oil (c) at acidic pH and (d) at alkaline pH
from the water surface.
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3.6. Water quality after the removal of oil

The remains of toxic chemical dispersants in water resources after the
removal of spilled oil adversely affectsmarine creatures, due to their poor
biodegradability, so to investigate the amount of dispersant traces in
water is equally as important as the removal of spilled oil. Traces of or-
ganic matter after the removal of emulsified/separated oil were investi-
gated using TOC through the NPOC method. The aqueous layer was not
cleared (see Figs. 4b, 5b and 6c), indicating traces of unreacted surface-
active particles. Fig. 9a and b shows the traces of OP-D, the Blend and
CSOP-A after the removal of the oil/emulsified marine diesel and the
2T-oil layer. Despite the removal of the oil layer, the increase in the
amount of organic carbon was attributed to either the adsorption of oil
molecules on the surface-active moieties or the presence of degraded oil
in the continuous aqueous phase along with these particles. Especially
for 2T-oil, the spontaneous oil-in-water emulsification implies the
leaching of surfactant from oil to the aqueous phase [62]. However, the
amount of increased TOC after 2T-removal was less (Fig. 9c–d) than
that obtained frommarine diesel due to the formation of bulky emulsion,
inwhich the surface-active particlesmight have become trapped. Various
biosurfactants derived from varied microbial sources are present in the
water, enhancing the biodegradation of the dispersed crude oil through
bioremediation [65]. Moreover, earlier studies demonstrate orange peel
as a substrate for Bacillus Licheniformis biosurfactant production and the
biodegradation of hydrocarbons [66], so traces of OP-D in the water
phase proved to be non-toxic. Chitosan being non-toxic and biodegrad-
able, its derivatives, the Blend and CSOP-A, might not havemany adverse
effects, if found in water resources.

4. Conclusions

The use of bio-waste such as orange peel together with chitosan de-
rivatives facilitate oil droplet breakup through faster adsorption of their
surface-active moieties at the oil-water interface. The spectrometric
measurements confirmed hydrophobic modification along with the
presence of surface-active moieties on the surface of OP-D, CSOP-A
and the Blend. The emulsion formation rate of marine diesel followed
the order of the Blend N OP-D N CSOP-A, whereas for 2T-oil the order
was OP-D N Blend N CSOP-A. The emulsion formation was solid-
stabilized (Pickering) emulsion with OP-D, a combination of Pickering
and conventional o/w emulsion with the Blend and only conventional
emulsion with CSOP-A. The emulsion formation rate was N90% with
OP-D in saline water, whereas, the Blend balanced the same rate inde-
pendent of the water quality with optimized concentration. For CSOP-
A, the droplets stabilization rate in the formed emulsion was more de-
pendent onwater quality and oil. This revealed that different hydropho-
bic moieties on the surface of the Blend and CSOP-A affected the oil
droplets stabilization rate. The presence of glucosamine unit and
carboxymethyl moieties in the Blend and CSOP-A altered the nature of
emulsion with changing pH. There was a direct influence by tempera-
ture on the oil-droplet formation and its stability. The emulsion formed
at RT was most stable, and at−20 °C this rate decreased to 10%, but the
stabilization rate was not affected much at 2 °C except the increase in
droplet size, so the studied surface-active particles could be used in dis-
persant formulation even at Arctic temperatures. Since the origin of
thesematerials is bio-based, their hazardousness could be less thanma-
terials used in commercial dispersants. The future need is to identify dif-
ferent types of bio-waste and reutilize them as dispersants in oil spill
response and accordingly minimize the use of hazardous chemicals.
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